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ABSTRACT
Mutations in the the four-jointed (f) gene were described over fifty years ago
as causing a defect in the growth of Drosophila imaginal discs. This thesis
examines the expression and function of f during imaginal disc
development. During an analysis of gene expression patterns in the
developing Drosophila visual system, the f gene was found to be expressed as
a gradient in the developing eye. Further analysis of f function during leg
development suggests that it encodes a localized regulator of tissue growth.
Chapter 1 summarizes evidence for patterned gene expression along the
dorsal-ventral axis of the developing Drosophila eye. A compartment
boundary model for eye development is presented.
Chapter 2 describes the results of an enhancer trap screen for genes with non-
uniform expression along the dorsal-ventral axis of the developing eye.
Enhancer trap lines with reporter gene expression restricted to the dorsal,
ventral and equatorial regions of the eye are described. Enhancer trap
insertions in the fj gene show a gradient of reporter gene expression. The
expression of these lines during disc growth is examined.
Chapter 3 describes the characterization of new ft alleles and the molecular
analysis of the fj gene. The comparison of fj expression during leg
development and the phenotypes of several ft alleles reveals a requirement
for fj as a growth signal. Sequence analysis reveals that f encodes a protein
with an internal signal sequence, indicating that it may directly mediate
signaling across the developing disc.
Chapter 4 describes the results of misexpression of f. These experiments
reveal that the restricted pattern of fj expression is essential for proper leg
development. The phenotypes produced by fj misexpression resemble those
seen in disc overgrowth mutants. Genetic interactions between fj and a disc
overgrowth gene support the hypothesis that the primary role of fj during leg
development is to provide a localized growth signal.
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CHAPTER 1
Introduction
This thesis examines several aspects of tissue patterning and growth in the
developing eye and leg of the fruit fly Drosophila melanogaster. These
studies were initiated with an expression-based screen to identify genes with
non-uniform expression along the dorsal-ventral (d-v) axis of the developing
adult eye. As described in Chapter 2, this screen identified a number of loci
that directed patterned expression of reporter genes along the d-v axis.
Chapter 3 describes the molecular and genetic analysis of one of these loci,
four-jointed, which shows an equatorial-to-polar gradient of expression in the
eye and is required for the proper development of a variety of adult tissues.
For further analysis of the function of fj during development, the developing
leg was chosen as the best available system for the experimental
manipulation of fj function. Chapter 4 describes the consequences of four-
jointed misexpression in this tissue and presents the hypothesis that fi acts as
a position-specific signal for tissue growth in the leg.
This introductory chapter reviews the evidence for distinct positional
values along the d-v axis of the developing Drosophila eye. Although several
published reviews have addressed specific aspects of d-v development in the
eye, a joint discussion of these studies and their general implications for
Drosophila eye development has not previously been provided. As
background, I briefly review studies in other Drosophila discs that describe
how patterning is organized in these tissues. Next, I discuss studies of three
topics that suggest the existence of d-v specific positional identities; these
topics are ommatidial polarity, photoreceptor axon guidance, and spatial
lineage restrictions during eye growth. In addition, I summarize studies
(including work from Chapters 2 and 3) showing non-uniform gene
expression along the d-v axis. To conclude, existing models for disc
development are modified to account for observations specific to the
developing eye.
Drosophila Disc Development
The external tissue of adult Drosophila are derived from larval structures
known as imaginal discs (Postlethwait, 1978; Bryant, 1978; Cohen, 1993).
During embryogenesis, small groups of cells that will become the imaginal
discs invaginate from the ectoderm to form epithelial sacs. During larval life,
these epithelial sacs grow by cell division to generate the late third instar discs
which contain between 10,000 and 50,000 cells. Although the cells that make
up the mature third instar disc are fairly uniform in morphology, many cells
have acquired position-specific fates as demonstrated by disc transplantation
experiments. Disc fragments placed into a ready-to-pupate host produce
specific cuticular structures that reveal a spatial correspondence between
particular adult structures and specific regions of the third instar disc (Bryant,
1978). The results of these fate mapping experiments have been confirmed by
the expression patterns of various cell type specific markers in the disc.
The compartment boundary model for disc development has been
used to explain the acquisition of position-specific cell fates (Crick and
Lawrence, 1975; Meinhardt, 1982; Meinhardt, 1983a; Blair, 1995). This model
is derived from the analysis of lines of lineage restriction. Cell lineages in a
growing disc can be studied by inducing mitotic recombination events that
mark all the progeny of a single cell (Postlethwait, 1978). The cell clones
generated in these experiments form a contiguous patch of tissue with
irregularly shaped borders. From one animal to the next, these clones can
occupy distinct, but overlapping regions of the disc; the variable shapes and
locations of these clones suggest that cell-cell signaling, rather than lineage,
plays a primary role in determining the position-specific fates of the
developing disc. However, the analysis of many such clones reveals that
within the disc, there are certain lines of lineage restriction which clones do
not cross. The regions of the disc separated by these lines are called
compartments. The extent to which compartment boundaries can restrict
clone growth is illustrated in experiments where clones of wild type cells are
generated in a Minute background (Garcia-Bellido et al., 1973; Garcia-Bellido
et al., 1976). Although these clones have a significant growth advantage
compared to Minute cells and can occupy nearly all of one compartment, they
are unable to cross the compartment boundary. The discovery of lineage
compartments led to speculation that they reflect underlying discontinuities
in developing discs that are important for disc patterning (Crick and
Lawrence, 1975). Support for the developmental significance of
compartments comes from the observation that some homeotic mutations
have compartment-specific effects.
Together, these results were used to construct a model detailing the
role of compartment boundaries during disc growth and patterning
(Meinhardt, 1982; Meinhardt, 1983a). The compartment boundary model
proposes that developing discs are divided into adjoining regions of
differentially determined cells. The interaction of the cells at the
compartment boundary generates organizing regions which regulate disc
growth and patterning. Specifically, morphogens are produced along the
compartment boundaries and regulate growth and patterning along the
anterior-posterior and dorsal-ventral axes. In addition, the model predicts
that the proximal-distal axis would be regulated by a morphogen produced at
the intersection of the two compartment boundaries.
The identification, characterization and manipulation of genes
required for proper wing and leg formation has provided support for many
aspects of the compartment boundary model. Analysis of the roles of the
hedgehog (hh) and decapentaplegic (dpp) genes during wing development
has been particularly informative. hh encodes a signaling molecule which is
specifically expressed in the posterior compartment (Lee et al., 1992). Anterior
compartment cells bordering the posterior compartment respond to the hh
signal by expressing dpp, a member of the TGF family of signaling
molecules (Gelbart, 1989; Basler and Struhl, 1994; Capdevilla and Guerrero,
1994; Ingham and Fietz, 1995). dpp, in turn, acts to regulate growth and
patterning along the a-p axis of the wing in both the anterior and posterior
compartments (Capdevilla and Guerrero, 1994; Ingham and Fietz, 1995; Jiang
and Struhl, 1995; Li et al., 1995; Pan and Rubin, 1995; Zecca et al., 1995).
Comparison of the nonautonomous effect of localized misexpression of dpp
with the autonomous effect of localized expression of a constitutively active
dpp receptor provides evidence that dpp acts directly as a diffusible
morphogen (Nellen et al., 1996). Thus, the analysis of hh and dpp provides
molecular evidence for the induction and function of a compartment
boundary-specific morphogen.
Further support for the compartment boundary model also comes
from the study of the dorsal-ventral (d-v) axis in the wing and the proximal-
distal (p-d) axis in the leg. At the d-v compartment boundary in the wing,
signaling by the cell surface or secreted molecules fringe (fng), Serrate (Ser),
Delta(DI) and wingless (wg) regulates disc growth and wing margin formation
(Couso et al., 1995; Diaz-Benjumea and Cohen, 1995; Kim et al., 1995; de Celis
et al., 1996; Doherty et al., 1996). These genes are all expressed in a single
compartment or along the compartment border. In the leg, hh signals across
the a-p border to induce dpp expression along the dorsal half of the a-p
boundary and wingless (wg) expression along the ventral half (Basler and
Struhl, 1994). wg and dpp expression meet at the center of the disc, where
they act together to induce the distal tip of the proximal-distal (p-d) axis
(Campbell and Tomlinson, 1995). Misexpression of either molecule such that
they overlap in another part of the disc can lead to an ectopic p-d axis. Thus,
an organizer for the p-d axis of the leg is induced at the intersection of the a-p
and d-v compartment boundaries. The molecular components of this
organizer are presently unknown.
The compartment boundary model predicts that the observed lineage
restrictions are at the boundary of differentially determined regions of the
disc. The a-p and d-v compartment boundaries in the wing require the
compartment-specific expression of homeobox genes (Blair, 1995; Hidalgo,
1996). The LIM-domain homeobox gene apterous (ap) is specifically expressed
in the dorsal compartment of the wing. Loss of dorsal expression or ectopic
ventral expression of ap induces an apparent ectopic d-v compartment
boundary at the junction of ap expressing and nonexpressing cells, resulting
in distal outgrowths, wing margin structures, and border-specific gene
expression. In addition, ap is also required to maintain the lineage restriction
between the compartments. The engrailed (en) homeobox gene plays a
similar role in maintaining the lineage restriction along the a-p compartment
border. Other functions of the posterior compartment require the combined
action of en and invected (inv), an en related homeobox gene. Together, the
analysis of these genes confirms another component of the compartment
boundary model: differentially determined cells in the two compartments act
to produce an organizer at the boundary.
A variation of this boundary model may also apply to vertebrate
pattern formation. Grafting experiments have revealed the presence of
regions with organizing activity which act to regulate cell fates and cell
proliferation (Spemann and Mangold, 1924; Saunders, 1948; Nieuwkoop,
1973; Tickle et al., 1975). Molecular analysis of these organizers has revealed a
variety of molecules that appear to mediate cell-cell signaling (Sive, 1993;
Johnson et al., 1994; Simpson, 1995), including members of the TGFR,
hedgehog and Wnt families. In the developing vertebrate limb, a boundary
model has been proposed to explain the localization of organizing regions
(Meinhardt, 1983b) which resembles the boundary model proposed for insect
appendages (Meinhardt, 1983a). Recent experiments examining the
molecular basis of d-v and a-p signaling in the vertebrate limb are consistent
with this model (Martin, 1995; Parr and McMahon, 1995; Yang and
Niswander, 1995). Thus, it is possible that developing vertebrate and
invertebrate appendages utilize conceptually similar mechanisms for
regulating the activity and location of signaling centers during periods of
dramatic size and shape changes.
Evidence for Positional Information in the Drosophila Eye
The adult Drosophila eye is composed of approximately 750 repeated units
called ommatidia. Each contains eight photoreceptor cells which possess light
sensitive organelles called rhabdomeres and make axonal connections to the
brain. The precise number and arrangement of cells in each ommatidium is
the result of a stereotyped sequence of local cell-cell signaling events, typified
by the well studied boss to sevenless signal required to produce the R7
photoreceptor cell. Despite this pattern repetition, several observations
indicate that global position-specific identities exist in the eye. In this section,
I will first review the early stages of eye development and then discuss
evidence for differences along the dorsal-ventral (d-v) axis of the eye. This
evidence includes morphological differences, axon guidance studies, a
possible d-v compartment boundary and differential gene expression. In the
following section, I describe genes that alter aspects of d-v specific
development and genes with non-uniform expression along the d-v axis.
Eye Disc Development
The eye-antennal disc is derived from group of between six and twenty
blastoderm cells (Garcia-Bellido and Merriam, 1969; Postlethwait and
Schneiderman, 1971; Wieschaus and Gehring, 1976). During the larval stages,
the disc grows logarithmically with a doubling time of approximately twelve
hours (Martin, 1982; Postlethwait, 1978). By the end of third instar, the
mature disc contains approximately 44,000 cells (Martin, 1982) and is
composed of two regions corresponding to the future eye and antenna. As in
other imaginal discs (Poodry, 1980), most of the cells are part of a columnar
epithelium of morphologically undifferentiated cells (Melamed and Trujillo-
Cenoz, 1975; Ready et al., 1976; Haynie and Bryant, 1986). Fate maps of the late
third instar disc have been constructed by isolating disc fragments,
transplanting them into same age hosts and examining the resulting adult
derivatives (Bryant, 1978; Haynie and Bryant, 1986). The flat central region of
the disc gives rise to the compound eye. Bordering this region are the
precursors to the epidermis and bristles that surround the adult eye. The
ocelli, which are found on top of the adult head, are derived from a dorsal
region of the disc near the junction of the eye and antennal regions. This
map has been confirmed by a variety of studies using molecular markers
specific for various cell types in and around the eye.
During mid-third instar, cells at the posterior margin of the eye disc
begin a program of differentiation that gives rise to photoreceptor neurons
and other cell types composing the ommatidial units of the adult compound
eye (Wolff and Ready, 1993; Heberlein and Moses, 1995). These cells begin to
express hh which induces their anterior neighbors to express the dpp gene
and likewise initiate the differentiation program (Heberlein et al., 1993; Ma et
al., 1993; Heberlein et al., 1995). The reiteration of this process leads to an
apparent wave of differentiation that moves anteriorly across the disc over a
period of two days. Within the epithelium, there is an indentation of the
apical surface, the morphogenetic furrow, which corresponds to the dpp
expression domain and the beginning of ommatidia formation within the eye
disc (Wolff and Ready, 1991). Cells anterior to the furrow express two helix-
loop-helix genes, extra macrochaetae and hairy, which are required to regulate
the rate of furrow progression (Brown et al., 1995). Within the furrow, there
is the synchronization of the cell cycle (Thomas et al., 1994), expression of the
dpp and atonal genes (Heberlein and Moses, 1995) and formation of cell
clusters that will give rise to the ommatidial units (Wolff and Ready, 1991).
Posterior to the furrow, differentiation of the various ommatidial cell types
commences and hh expression is activated. As a result, the ommatidia
within a single anterior to posterior line across the disc represent a series of
developmental stages, but ommatidia within a single d-v column are at
approximately the same developmental stage.
Ommatidial Chirality And Rotation
The most prominent morphological difference along the d-v axis of the adult
eye is the presence of distinct dorsal and ventral forms of ommatidia
(Dietrich, 1909). These forms can be distinguished in the adult eye by the
chiral arrangement of photoreceptor cell rhabdomeres. The rhabdomeres of
photoreceptor cells one through six (R1-6) form a trapezoid. The long end of
the trapezoid, composed of R1-3, faces anteriorly. The short side, composed of
R5 and 6, faces posteriorly. In the dorsal half of the eye a diagonal side,
composed of R3-5, faces dorsally. In the ventral half of the eye, R3-5 face
ventrally. Thus, ommatidia in the dorsal half of the eye are a mirror image of
those in the ventral half. The line separating dorsal ommatidia from ventral
ommatidia is known as the equator and is found near the d-v midline.
The two ommatidial forms can be distinguished in the third instar disc
based on their direction of rotation and the chiral arrangement of their cells
(Tomilson, 1985; Tomilson and Ready, 1987). During third instar, clusters of
cells that will give rise to individual ommatidial units begin to rotate soon
after they form. The direction of rotation is opposite in the dorsal and ventral
halves of the disc. The ommatidia rotate 900 such that the two cells initially
facing anteriorly, R3 and R4, eventually face the dorsal or ventral poles. As
R3 and R4 are recruited into an ommatidium, they initially form a symmetric
pair with respect to the other cells of the ommatidium. During ommatidial
rotation, this symmetry is lost when the R3 cell moves closer to the central R8
cell and assumes a more equatorial position than the R4 cell. Thus,
ommatidia in the dorsal and ventral half of the eye can be distinguished
based on adult and third instar morphologies and by the direction of rotation
during ommatidial cluster formation. Several genes required for the proper
formation of these two types of ommatidia are discussed below (see pages 27
and 32).
Retinal Axon Guidance Along The Dorsal-Ventral Axis
The fundamental position-specific function of ommatidia is that each
ommatidial lens gathers light from a different region of the visual field. For
the brain to process this information, each photoreceptor cell must send its
axon to a position within the optic ganglia that is appropriate for its position
in the eye. In vertebrates, many studies have attempted to understand how
an apparently homogenous group of cells in the retina can send axons to the
correct retinotopic positions in the brain. Results from the experimental
manipulation of the regenerating eye of fish and amphibians demonstrate
that initial differences in target recognition are due to intrinsic differences
within the retina (Sperry, 1963). These results led to the "chemoaffinity
theory" which posits that individual cells in the retina are differentially
labeled such that they can recognize complementary labeled cells in the
tectum. Many subsequent studies have suggested that differential labeling of
retinal axons and their targets plays an important role during visual system
development (for reviews discussing axon guidance in the vertebrate visual
system see Udin and Fawcett, 1988; Fraser, 1992; Holt and Harris, 1993; Tessier-
Lavigne, 1995). Notably, the graded expression and in vitro activities of Eph
tyrosine kinases and their ligands make these molecules attractive candidates
for providing differential labeling (Cheng et al., 1995; Drescher et al., 1995;
Tessier-Lavigne, 1995).
In the Drosophila visual system, retinotopic projections are seen in both
adults and third instar larvae when retinal axons are growing to their targets
in the developing lamina (Meinertzhagen, 1973; Trujillo and Melamed, 1973;
Fischbach and Dittrich, 1989; Kunes et al., 1993). Prior to third instar, the only
axons in the eye disc are part of the larval optic nerve which exits at the
posterior of the eye disc, traverses the optic stalk and passes through the
posterior end of the lamina at the dorsal-ventral midline. When the most
posterior adult photoreceptor cells begin to differentiate, their axons grow
alongside the larval optic nerve into the brain. As more anterior neurons
differentiate, their axons grow along routes immediately anterior to their
posterior neighbors. As retinal axons enter the brain, they extend to d-v
positions that directly correspond to the d-v position of their cell body in the
disc.
Recent experiments suggest that Drosophila retinal axon guidance is
controlled by a chemoaffinity type mechanism. If photoreceptor cells develop
in an environment where the neighboring cells either have aberrant axon
projections or produce no axons, they are still able to send their axons to
approximately the correct location along the dorsal-ventral axis of the brain
(Kunes and Steller, 1993; Kunes et al., 1993). Additionally, removal of the
larval optic nerve, either with the glass mutation in mosaic animals or by
toxin ablation, does not affect retinal axon projections (Kunes and Steller,
1991; Kunes et al., 1993). Although axon-axon contacts may contribute to
retinal axon guidance in wild type eye discs, these results support a model
where positional information exists along the dorsal-ventral axis. By analogy
to the results in the vertebrate eye, graded or sectored differences in the
expression of axon guidance molecules may help photoreceptor axons project
to retinotopic positions in the brain.
Lineage Restrictions In The Eye
While compartment boundaries play a central role during leg and wing disc
development, it is not clear if a similar mechanism operates during eye
development. Analysis of marked clones in the eye indicates that the d-v
midline of the eye might be a line of lineage restriction (Becker, 1957; Baker,
1978; Campos-Ortega and Waitz, 1978). As found in the leg and wing discs,
clones of wild type cells in a Minute background can occupy nearly all of one
half of the eye without crossing the line of lineage restriction. Despite these
results, there has been a persistent reluctance to call this line a compartment
boundary because of two features: the time of lineage restriction and mixing
at the clone border. Each of these issues is addressed below.
The d-v lineage restriction in the eye occurs much later than the a-p
boundary described in the leg and wing discs, raising concern as to its
significance. The leg and wing a-p boundary is respected by clones that are
induced as early as blastoderm-stage embryos. In contrast, the d-v boundary
in the eye, as well as the d-v boundary in the wing, are established at later
times, during the larval life (Baker, 1978; Campos-Ortega and Waitz, 1978).
Previously, the significance of the d-v compartment boundary in the wing
had been questioned for a variety of reasons, including its late time of
formation (Brower, 1985). However, the status of this compartment boundary
has been rehabilitated by experiments that rule out certain artifacts that might
generate apparent lineage restrictions and by the recognition that this
boundary represents an important signaling center for wing patterning and
outgrowth (Blair, 1995). Another late forming compartment boundary occurs
along an a-p border in the antennal region of the eye-antenna disc (Morata
and Lawrence, 1978; Morata and Lawrence, 1979). This boundary seems
equivalent to the a-p boundary in the leg as judged by its requirement for en
function (Morata and Lawrence, 1979) and the patterns of en, hh, dpp and wg
expression in the antenna (Cohen, 1993; Diaz-Benjumea et al., 1994). Further
evidence that these boundaries are equivalent comes from the analysis of
clones in aristapedia animals (Morata and Lawrence, 1979). In these mutants,
part of the antenna is transformed into leg tissue. Clones induced in these
animals respect an a-p boundary that extends from tissue with antennal
morphology into the homeotic leg tissue. Together, these results
demonstrate that a compartment boundary with a similar molecular basis as
the early forming a-p border can arise late in development.
The mixing of cells at the clone border is another difference between
the d-v boundary in the eye and the a-p boundary in the wing. Unlike clones
in the wing, the cells in a clone abutting the d-v boundary in the eye are
mixed with cells outside of the clone (Ready et al., 1976; Campos-Ortega and
Waitz, 1978). However, it must be noted that all clone borders, regardless of
their position with respect to the compartment boundary, show little mixing
in the adult wing, and substantial mixing in the adult eye. In the wing, the
lack of mixing indicates that substantial rearrangements of cell locations are
unlikely (Postlethwait, 1978; Blair, 1995). In contrast, ommatidia
development requires the recruitment of cells into a cluster, followed by a 900
rotation of the entire ommatidial unit (Tomilson and Ready, 1987; Wolff and
Ready, 1991). At the developing equator, the opposite directions of
ommatidial rotation could separate initially adjacent cells by up to two
ommatidial diameters. Thus, the cell movements generated by ommatidial
cell recruitment and rotation can account for the absence of continuous clone
borders in the eye.
It should be noted that while the d-v boundary runs near the equator, it
is not strictly on one side or the other (Ready et al., 1976; Campos-Ortega and
Waitz, 1978): a clone near the equator can include cells in both dorsal and
ventral types of ommatidia. This observation demonstrates that the chirality
and rotation of an ommatidia is not strictly determined by a cell lineage
mechanism. In fact, such a lineage mechanism might be incompatible with
the process of recruiting cells into ommatidia based on their position.
Although the lineage restriction does not correspond to the nearby
morphological marker of the equator, it has been asserted that the lineage
restriction represents a straighter and more accurate reflection of the d-v
midline than the equator (Campos-Ortega and Waitz, 1978).
In summary, the following model can account for the observations
concerning the presence of a compartment boundary at the d-v midline.
During the second half of larval life, a compartment boundary prevents the
intermingling of dorsal and ventral specific cell populations. This boundary
acts to help regulate disc growth and d-v patterning. As the morphogenetic
furrow passes across the disc, this restriction is released to allow the
recruitment of cells from either compartment into developing ommatidia
which then rotate, moving cells away from their previous neighbors. Several
experiments could confirm or disprove this model. First, if clones are
induced during larval growth and then analyzed in the disc prior to the
passage of the furrow, they should respect a precise and continuous boundary
near the d-v midline. Second, genes with expression ending precisely at this
boundary should be required for some aspects of disc growth or patterning.
As described below, candidates for such genes are currently being analyzed.
Genetic and Molecular Analysis of Dorsal-Ventral Patterning in the Eye
Genetic Control Of Ommatidial Polarity
The analysis of genes required for d-v specific patterning should provide
insights into how this patterning is established. Although a number of
mutations required for proper guidance of photoreceptor axons have been
isolated, none of these shows a highly specific defect in guidance of axons to
the appropriate d-v specific targets (Martin et al., 1995). Mutations altering the
d-v lineage restriction also have not been described. However, a variety of
mutations affecting ommatidial chirality and rotation have been analyzed.
As described below, these experiments suggest that ommatidial polarity is
determined by the direction of furrow movement and by a d-v polarity signal
produced at the equator (see page 21 for a description of ommatidial polarity
in wild type animals).
Several studies have shown that the direction of furrow movement in
the disc can determine the a-p polarity of the resulting ommatidia (Chanut
and Heberlein, 1995; Ma and Moses, 1995; Strutt and Mlodzik, 1995; Wehrli
and Tomlinson, 1995). Ectopic activation of the hh pathway in cell clones can
produce ectopic furrows which can move in directions other than the normal
posterior-to-anterior progression. Analysis of the resulting ommatidia is
used to ask if ommatidial polarity is dictated by the sequential production of
ommatidia by the furrow or if it is the result of a preexisting, global polarity in
the disc. The conclusions drawn from these experiments are unanimous
with respect to the development of a-p polarity; when a furrow moves in the
reverse direction across the disc (i.e. anterior to posterior) the a-p polarity of
the resulting ommatidia in the adult eye is reversed such that R1-3 do not
face anteriorly as in wild type discs, but rather face posteriorly towards the
ectopic furrow. Thus, the direction of furrow movement determines the a-p
polarity of ommatidia.
The results of these same experiments are less clear concerning the
generation of d-v polarity, but seem to favor a global polarity signal.
Although the four groups that performed these experiments used similar
methods to generate ectopic furrows, they reached different conclusions. Two
groups (Ma and Moses, 1995; Wehrli and Tomlinson, 1995) emphasized the
behavior of ommatidia directly posterior or anterior to small, internal clones
and found that the d-v polarity of these ommatidia was strongly correlated
with their position relative to the equator. These ommatidia rotated such
that: R3-5 faced the pole, as is the case in normal discs. These results are
consistent with a global polarity signal from the d-v midline determining the
d-v polarity of ommatidia. However, the other two groups (Chanut and
Heberlein, 1995; Strutt and Mlodzik, 1995) performing these experiments
concluded that the d-v polarity of ommatidia is determined by the furrow,
independent of any signal near the midline. This conclusion was reached, in
part, by emphasizing the appearance of ectopic equators near some clones.
In evaluating these experiments, a particular concern is whether the
activation of hh causes altered d-v positional information in a region
surrounding the ectopic furrows. This possibility is likely in some clones
near the disc margin which generate long, well-defined ectopic equators
(Chanut and Heberlein, 1995). Such clones can cause disc overgrowth and
induce ectopic expression of an enhancer trap line normally expressed in a
dorsal-anterior region of the eye. Since expression of this enhancer trap line
normally begins well before furrow initiation (Brodsky and Steller, 1996), its
ectopic expression suggests that hh expression can alter d-v positional
information prior to furrow initiation. Thus, the ectopic equators are likely
responding to an ectopic polarity signal. At this point, the data indicating that
ommatidia respond to a signal from the endogenous equator seem less
problematic and more likely to reflect the normal mechanism for generating
ommatidial polarity.
Evidence for a bidirectional polarity signal originating at the equator
has been obtained in the analysis of cell clones mutant for the frizzled (fz)
tissue polarity gene (Zheng et al., 1995). Infz mutants, regulation of both the
direction of rotation and the R3/R4 cell fate decision is disrupted. Within
clones of fz mutant ommatidia, these defects are autonomous. However,
analysis of wild type ommatidia surrounding ft mutant clones reveals a
"directional" non-autonomous phenotype; wild type ommatidia polar to the
clone show a high frequency of rotation defects, whereas those equatorial to
the clone do not. This result indicates that ommatidia mutant for fz are
unable to provide a local polarity signal to neighboring ommatidia that are
further from the equator, suggesting that ft mediates an equatorial-to-polar
signal to determine ommatidial rotation and chirality. Further evidence that
aft mediated polarity signal arises from the equator comes from analysis of
ommatidia mosaic for fz. In wild type eyes, the member of the R3/R4 pair
that is closest to the equator assumes the R3 position while in ft mutants, this
decision appears random. In mosaic ommatidia, the member of the R3/R4
pair with greater fz activity assumes the R3 position. This result suggests that
in normal ommatidia, proximity to the equator determines fz activity and the
R3 cell fate decision.
Analysis of Ellipse (Elp) mutants and of clones of tissue polarity
mutants demonstrates that polarized ommatidia are not required for
propagation of a polarity signal across the disc. Some tissue polarity genes
have entirely autonomous effects on ommatidial polarity (Zheng et al., 1995).
The absence of any polarity defects in ommatidia adjacent to these clones
indicates that ommatidia with improper rotations and chirality do not disrupt
propagation of a polarity signal. A related conclusion is reached by examining
ommatidial polarity in the absence of neighboring ommatidia. In Elp
mutants, only a small number of distantly spaced ommatidia are generated
(Baker, 1992) and the reduction in ommatidia numbers can be seen at the
earliest stages of ommatidia cluster formation. Despite their lack of contact
with other developing ommatidia, these ommatidia develop with the
appropriate polarity. Thus, developing ommatidia are not required to
transduce a polarity signal.
Together, the experiments discussed in this section support the
hypothesis that the d-v midline is determined prior to ommatidial
differentiation and that it produces a bidirectional polarity signal that
regulates ommatidial chirality and rotation. Because this signal does not
require differentiating ommatidia to be transmitted, it may either be
transmitted by undifferentiated cells in the eye disc or it may freely diffuse
through the disc lumen.
Dorsal-Ventral Specific Gene Expression In The Eye
The experiments described above strongly suggest that patterned gene
expression along the d-v axis plays an important role during eye
development. The first evidence for transcriptional regulation along this axis
came from the isolation of a white gene insertion in which the pigmentation
was restricted to the ventral half of the eye (Levis et al., 1985; Hazelrigg and
Petersen, 1992). In a more directed effort, two groups performed enhancer
trap screens for P-element insertions showing restricted reporter gene
expression along the d-v axis (Sun et al., 1995; Brodsky and Steller, 1996; see
also Chapter 2). These screens utilized both the mini-white and the lacZ
genes as reporters and demonstrated that both enhancer and silencer
elements could give rise to patterned reporter gene expression along the d-v
axis. Different insertions showed lacZ expression that was restricted to dorsal,
ventral, equatorial or polar regions of the disc. In addition, lines were also
described that demonstrated a symmetric, equatorial-to-polar gradient of
expression in the disc. Together, these expression patterns demonstrate that
distinct patterns of enhancer activity can be found at many positions along
the d-v axis of the developing eye. In addition, the analysis of young discs
indicates that, as in other discs, these patterns are established well before
differentiation begins in the disc and are maintained as the disc grows.
Several genes have been identified that have nonuniform expression
along the d-v axis. Three genes, wg, dpp and four-jointed (fj) encode
signaling molecules required for proper eye formation. wg and dpp are
expressed in overlapping regions of the eye margin and help determine the
position of furrow initiation (Ma and Moses, 1995; Treisman and Rubin,
1995). fj is expressed in a gradient in the eye and its absence leads to
deformations in the eye surface (Brodsky and Steller, 1996). In addition, a
putative transcriptional regulator, optomotor blind, is expressed at the dorsal
and ventral poles of the eye (Sun et al., 1995; Grimm and Pflugfelder, 1996),
but no eye phenotype has been reported for this gene. For most of these
genes, their function has been more extensively studied in other Drosophila
discs.
The molecular analysis of the mirror (mir) locus has revealed a dorsal
specific gene that is required for localization of the equator (H. McNeill, M.
Brodsky, J. Ungos and M. A. Simon, unpublished results). mir is part of a
cluster of genes containing related homeodomains. Two other genes in this
cluster act as "prepatterning" genes during wing disc development to
promote the formation of wing veins and a subset of bristles on the notum
(Gomez-Skarmeta et al., 1996). Viable mir alleles affect bristle formation, but
not wing vein formation. In the eye, clones of strong alleles of mir can
induce ectopic equators or alter the d-v position of the endogenous equator.
Consistent with this phenotype, the ventral boundary of mir expression is
located near the equator, but is not precisely coincident with it. The analysis
of mir demonstrates that gene expression along the d-v midline is required
for proper location of the equator. It is interesting to note en, inv, ap and mir
are all homeobox genes required for patterning near lines of lineage
restriction.
A Compartment Boundary Model for Eye Disc Development
Based on the studies reviewed in this Chapter, I propose a compartment
boundary model for the development of the Drosophila eye (Figure 1). The
model is a direct modification of compartment boundary models described for
other Drosophila discs (Meinhardt, 1983a; Blair, 1995; Campbell and
Tomlinson, 1995). In this model, eye disc cells are allocated into dorsal and
ventral compartments during larval life. These two groups of cells are
differentially determined by the region-specific expression of transcription
factors such as the dorsal-specific homeobox gene mirror. Through most of
larval life, a smooth border is maintained between these groups of cells,
resulting in a line of lineage restriction at the d-v midline of the eye.
However, as cells are recruited into developing ommatidia, this lineage
restriction is released, resulting in some mixing of cells from different
compartments. At the boundary separating these regions, cell-cell
interactions between the dorsal and ventral groups of cells generates a
signaling center at the d-v midline of the disc. In addition, the dorsal and
ventral margins of the disc, where the wg and dpp signaling molecules are
expressed (Ma and Moses, 1995; Treisman and Rubin, 1995), may also act at as
signaling centers. These centers produce signals that move across the disc,
either by diffusion through the disc lumen or by a series of cell-cell
interactions. In response to these signals, gradients or sectors of gene
expression are produced which are symmetric with respect to the d-v midline
of the eye disc. The resulting differences in gene expression along the d-v axis
influence position-specific decisions such as eye disc growth, ommatidial
polarity, and retinal axon guidance.
Compartment boundary models for the development of positional
information in Drosophila discs have proven to be valuable for designing
and interpreting studies of wing and leg development. These studies have
provided a number of insights into the mechanisms that control growth and
patterning in developing appendages. The ability of a boundary signaling
model to account for several aspects of eye development suggests that it could
provide a useful framework for the study of certain aspects of eye
development.
Concluding Remarks
Studies from different fields, including axon guidance, tissue polarity, cell
lineages and gene expression, have converged on the conclusion that
patterned gene expression along the d-v axis is essential for proper retinal
development in Drosophila. In some other insect species, differences along
the d-v axis of the eye can be easily seen by looking at the morphology or
pigmentation of the eye (Dietrich, 1909; Stavenga, 1992). Some of the d-v
differences that have been described in other insects include differences in
screening pigments, photopigments, lens diameter and rhabdomere structure
The analysis of d-v patterning in Drosophila should provide insights and
tools to help understand how these variations in eye structure and function
are generated. The analysis of genes identified in genetic and expression
based screens should rapidly begin to reveal how d-v patterning is established
and utilized in the developing Drosophila eye. Given the many
contributions made by the study of local cell-cell interactions in the fly eye, it
seems likely that the study of global positional information in this tissue will
also make important contributions to the study of development.
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Figure Legend
Figure 1. A Compartment Boundary Model for Eye Disc Development.
This model is derived from models for positional information in wing and
leg disc development and is intended to explain how position-specific
patterns of gene expression might be regulated and utilized during eye disc
development. In immature discs, distinct patterns of gene expression are
found in the dorsal and ventral regions of the disc. The boundaries of these
regions act as signaling centers to specify position-specific identities within
each region. Signals from these boundaries regulate graded gene expression
during eye disc growth. When ommatial differentiation begins during the
second half of third instar, the combination of sectored and graded gene
expression influences position-specific behaviors such as ommatidial rotation
and retinal axon targeting.
Eu
-• -
P•O
'iij c
CC
0P g 0Q .9 a
•o0 .
Cr
.a
a)
a)
a)
0)
C
I.'
0
~a
0)
CHAPTER 2
Enhancer Trap Analysis of Positional Information
Along the Dorsal-Ventral Axis of the Drosophila Eye
Summary
Several observations suggest that developing ommatidia in the Drosophila
eye have distinct d-v positional identities, despite their morphological
uniformity. To identify molecular differences along the d-v axis of the eye,
we carried out a systematic screen for P-element insertions that show non-
uniform reporter gene expression along this axis. We identified P-element
insertions in which lacZ expression is activated in dorsal, ventral or
equatorial regions of the disc. These patterns of transcriptional enhancer
activity are established early in disc development and are maintained in a size
invariant manner during disc growth.
Introduction
A fundamental problem in the construction of a complex visual system is
how a two dimensional array of retinal neurons can make topographically
organized connections to the brain (Udin and Fawcett, 1988). Gradients and
sectors of gene activity have been postulated to explain how apparently
uniform groups of cells make position-specific decisions such as cell type
determination or axon targeting (Wolpert, 1969; Crick and Lawrence, 1975;
Meinhardt, 1982; Bonhoeffer and Gierer, 1984; Gierer, 1987; Baier and
Bonhoeffer, 1992; Sanes, 1993). Based on his studies of axon guidance in the
vertebrate eye, Sperry proposed that each retinal ganglion cell has a position-
specific identity, reflecting a "pair of tangential gradients" across the eye
(Sperry, 1963). A variety of more recent studies (reviewed in Udin and
Fawcett, 1988; Fraser, 1992; Holt and Harris, 1993) has led to the anticipation
that genes with graded expression in the eye will be required for visual system
development.
A variety of genes have been identified that are expressed in a spatially
restricted region of the vertebrate eye (Kaprielian and Patterson, 1994). For
example, monoclonal antibody screens have revealed a variety of antigens
with non-uniform distribution in the eye. One of these antigens, TOPap, has
been cloned and shown to encode a novel transmembrane protein (Savitt et
al., 1995). Other genes with non-uniform expression in the eye include
members of the homeobox and TGFIB gene families (Nornes et al., 1990;
Deitcher et al., 1994; Rissi et al., 1995) and proteins involved in retinoic acid
synthesis (McCaffrery et al., 1993). Analysis of the expression of an Eph
receptor tyrosine kinase gene and two Eph receptor ligands suggests that these
proteins may directly influence axon guidance in the vertebrate visual system
(Drescher et al., 1995; Cheng et al., 1995). Although further genetic and
biochemical analysis of these molecules is required to understand their role
in eye development, these studies clearly demonstrate that gradients and
sectors of gene expression are present in the developing vertebrate eye.
As in vertebrates, growing retinal axons in Drosophila can make
position-specific responses to guidance cues. During late larval stages,
developing photoreceptor neurons send axons to positions along the d-v axis
of the brain that correspond to the d-v position of their cell bodies in the eye
(Meinertzhagen, 1973; Trujillo and Melamed, 1973; Fischbach and Dittrich,
1989; Kunes and Steller, 1993). This targeting is not simply a consequence of
axon-axon interactions: in genetic backgrounds where most cells are unable
to differentiate into photoreceptors, the few neurons that do develop still
send axons to approximately the correct d-v positions (Kunes et al., 1993).
These results suggest that position-specific gene expression may be important
for retinal axon guidance in Drosophila.
Several additional observations support the idea that there are
molecular differences along the d-v axis of the developing Drosophila eye.
First, developing ommatidia rotate either clockwise or counterclockwise
depending on the location of an ommatidium in the dorsal or ventral half of
the eye disc (Tomlinson, 1988). Second, among the large number of
mutations affecting adult eye structure, several with d-v specific effects have
been described (Morata and Lawrence, 1977; Spencer et al., 1982; Masucci et al.,
1990; Lindsley and Zimm, 1992). Finally, the insertion of a P-element carrying
the white gene into cytological position 24D resulted in a dorsal-specific
repression of white gene activity (Levis et al., 1985; Hazelrigg and Petersen,
1992). Combined with the axon guidance results, these observations indicate
that there may be gradients or sectors of gene expression along the d-v axis of
the developing Drosophila retina.
Genes with d-v differences in expression may be difficult to identify in
traditional genetic screens if they cause lethality prior to photoreceptor
differentiation or if they act in partially redundant pathways during eye
development. To directly search for transcriptional differences along the d-v
axis of the eye disc, we have performed an enhancer trap screen. In this
report, we describe the d-v restricted expression patterns of reporter genes
inserted at several loci. The combination of sectored and graded expression
patterns that we describe indicate that there are many distinct identities along
the d-v axis. Analysis of these patterns in younger discs demonstrates that
positional differences in transcriptional regulation are present well before the
end of disc growth when axon outgrowth and ommatidial rotations occur in
the developing eye.
Materials and Methods
Enhancer Trap Screen
All stocks were obtained from the Bloomington stock center unless otherwise
noted. The enhancer trap screen performed is a variant of standard enhancer
trap screens (Bellen et al., 1989; Bier et al., 1989; Wilson et al., 1989). An
outline of the screen is shown in Figure 1. To generate enhancer trap
insertions, females with eight P-lacW insertions on an attached X
chromosome were crossed to males with a genomic source of transposase
contained on the third chromosome balancer TMSA2-3Sb. P-lacW is a P-
element based enhancer trap construct containing a lacZ gene fused to the
minimal promoter and the nuclear localization signal of the P-element
transposase gene (Bier et al., 1989). P-lacW also contains the mini-white gene
which contains some, but not all, of the cis-regulatory elements required for
wild type white gene expression (Pirrotta and Rastelli, 1994). The A2-3 symbol
represents a P-element insertion that contains a modified transposase gene
which can promote the transposition of other P-element based constructs in
both germline and somatic Drosophila cells (Robertson et al., 1988). The P-
element insertion carrying this modified transposase gene is not mobilized by
transposase. Stubble (Sb) is a dominant marker for the balancer chromosome
containing this transposase gene. All female progeny with the Sb marker
contain P-lacW insertions on the attached X chromosomes and the
transposase gene ("jumpstarter" females). These individuals were crossed to
yellow (y), white (w) males. This cross was performed in 240 pools containing
40 "jumpstarter" females each and approximately 300,000 total progeny were
generated. Because all individuals containing the attached X chromosome
will be female, any male progeny from this cross that have pigmented eyes
are the result of a transposition of a P-lacW insertion from the attached X
chromosome to an autosome. Male progeny with new insertions that do not
contain the transposase gene can be identified by the absence of the Sb marker
from the TMSA2-3Sb balancer chromosome. Approximately 15,000 such
individuals were examined for non-uniform pigmentation along the dorsal-
ventral axis of the adult eye. Stable lines were created from 46 individuals by
crossing them to balancer stocks such as yw; CyO/Sco or yw; TM6Ubx/A2-3Sb.
All of the individuals used to establish lines were from separate pools and
therefore arose from independent transposition events.
Analysis of frizzled mutants
The activity of enhancers with dorsal-ventral specific expression in the eye
was examined in frizzled mutants. Reporter gene expression was examined
in animals homozygous for a transcript null allele of frizzled, fzKD4a (Zheng
et al., 1995). Adults homozygous for fzKD4a were identified by the rough eye
and misoriented bristle phenotypes associated with fz mutants. Third instar
larvae homozygous for fzKD4a were identified by the absence of the Tb
marker which is present on the balancer chromosome TM6BTb.
Histology
Imaginal discs from each line were stained for 13-galactosidase activity as
described previously (Winberg et al., 1992). Discs were mounted in 70%
glycerol and examined on a Zeiss Axiophot microscope (Winberg et al., 1992).
Confocal analysis of 13-galactosidase expression was performed as described
previously (Winberg et al., 1992). Eye discs and brains were incubated with a
1:100 dilution of rabbit anti-B-gal antibody followed by an incubation with a
1:100 dilution of rhodamine labeled anti-rabbit antibody and fluorescein
labeled anti-HRP. Imaginal discs and brains were mounted in Vectastain
(Vector Laboratories, Inc.) and examined on a Biorad MRC600 confocal
microscope equipped with a krypton/argon laser and analyzed using software
provided by the manufacturer.
Results
Enhancer trap screen
We used two genes, lacZ and mini-white, as reporters for patterned enhancer
activity in the eye (Figure 1A). The P-lacW P-element construct (Bier et al.,
1989) contains a fusion of the lacZ gene with part of the transposase gene. The
weak promoter provided by the transposase gene is readily activated when
the P-element inserts in a genomic region containing sequences with
transcriptional enhancer activity. The lacZ expression seen in enhancer trap
lines often reflects the spatial and temporal transcription pattern of a gene
adjacent to the P-element insertion (Bellen et al., 1989; Bier et al., 1989;
Wilson et al., 1989). In addition to the lacZ reporter gene, this construct also
contains the mini-white gene. This gene serves as a genetic marker for the P-
element, but several characteristics (Pirrotta and Rastelli, 1994) also make it
suitable as a reporter for patterned enhancer activity in the developing eye; in
particular, the mini-white gene acts cell autonomously and its expression
level is sensitive to the action of nearby enhancer sequences.
This two-reporter enhancer trap screen is outlined in Figure lB.
Because mini-white expression can be quickly assayed in the adult eye, we
were able to carry out an extensive, yet relatively rapid, screen for individuals
with patterned reporter gene expression. Only those individuals with non-
uniform eye pigmentation were used to generate lines for further analysis.
Larvae from each line were dissected and tested for lacZ expression in the disc
by staining for t3-galactosidase (1-gal) activity. Of 15,000 individuals with new
enhancer trap insertions, 46 had non-uniform pigmentation in the d-v axis of
the eye and 18 of those had a similar pattern of lacZ expression in the eye disc.
The remaining lines had little or no lacZ expression in the disc. No line
showed a pattern of lacZ expression that was distinct from the pattern of
mini-white expression.
Reporter expression patterns
In the 18 lines with 13-gal staining in the eye disc, four types of lacZ expression
patterns were observed (Table 1). All insertions with the same type of
expression pattern were found to be at the same cytological position in the
genome. Although all P-element insertions at a single locus had a similar
pattern of lacZ expression, they often differed in the level of expression. In
Figure 2, an adult eye and a third instar eye-antennal disc stained for lacZ
expression are shown for one strongly staining line from each locus. There is
a clear spatial correspondence between adult eye pigmentation and 13-gal
staining.
P-element insertions at cytological positions 69D and 24D gave rise to
mini-white dependent pigmentation that was restricted to either dorsal or
ventral regions of the eye, respectively (Figures 2A and 2B). For both lines
shown, the complete absence of pigmentation in part of the eye suggested that
expression of the mini-white reporter gene was partly regulated by negative
enhancer elements or silencers. Consistent with this interpretation, previous
studies have found that expression of an intact white gene inserted at 24D was
repressed in the dorsal region of the eye (Levis et al., 1985; Hazelrigg and
Petersen, 1992). In the lines we isolated, expression of the lacZ reporter was
also restricted to either a dorsal or ventral region of the third-instar eye disc.
Interestingly, although most cells in the disc were contained within either the
dorsal or ventral regions defined by these enhancer trap lines, a thin stripe of
cells near the d-v midline did not express the lacZ reporter gene in either line.
Enhancer trap insertions at 55C gave rise to a gradient of lacZ
expression in the eye disc. As described in Chapter 2, these insertions are in
the four-jointed gene. These insertions all show pigmentation and is-gal
staining in a broad, equatorial region of the eye (Figure 2C). However, the
region of the disc with detectable 13-gal staining is larger in lines that show
higher levels of lacZ expression. This observation suggests that activation of
reporter gene expression might be graded along the d-v axis. We used
confocal microscopy to visualize the changes in 13-gal levels across the eye disc
(Figure 3A). The highest levels of fR-gal are detected near the d-v midline of
the disc and decreasing levels are observed towards either the dorsal or
ventral pole. Combined with the dorsal and ventral specific patterns
described above, this graded pattern of reporter expression suggests that many
positions within a single d-v column are transcriptionally distinct. Based on
these observations, it appears that the d-v positional identity of a cell in the
eye disc could be specified based on its distance from the d-v midline and its
inclusion in the dorsal or ventral region of the eye disc.
An insertion at 53C gave rise to an equatorial band of mini-white
dependent pigmentation (Figure 2D). Along the d-v axis, lacZ expression in
this line was strongest in an equatorial region of the eye disc. This expression
decreases in a graded fashion at the dorsal and ventral edges. Unlike the
other patterns described, lacZ expression in this line is only found posterior to
the morphogenetic furrow and is restricted to developing photoreceptor cells.
This expression is dependent on the glass gene (data not shown) which
encodes a transcription factor required for the expression of many
photoreceptor-specific genes and for retinal axon guidance (Moses et al., 1989;
Moses and Rubin, 1991; Selleck and Steller, 1991; Kunes et al., 1993). This line
demonstrates that region-specific enhancer activity is also present in retinal
cells as they differentiate into photoreceptor neurons and send axons towards
the brain.
Size invariance of patterned enhancer activity
To examine if these position-specific differences in enhancer activity existed
prior to late third instar, we examined lacZ expression in second to mid-third
instar larval eye discs. In a line that had dorsal-specific lacZ expression in the
late third instar disc, lacZ expression was restricted to a dorsal region of the
eye disc in second instar and this restriction was maintained through mid-
third instar (Figure 4A). Likewise, a line with ventral-specific lacZ expression
in late third instar exhibited ventral-specific expression at earlier stages
(Figure 4B). These observations are consistent with the previous suggestion
that cells in dorsal and ventral regions of the eye arise from separate cell
populations (see Discussion). In another line, lacZ expression is highest in an
equatorial region of the third instar eye disc. Again, the pattern of lacZ
expression in younger discs is qualitatively similar to that seen in the late
third instar disc (Figure 4C). These results demonstrate that d-v specific
patterns of enhancer activity are established prior to third instar and are
maintained until cell division in the disc has ended.
Dorsal-ventral specific enhancers do not require frizzled function
The isolation of enhancer trap lines with position-specific expression along
the d-v axis provides a set of markers to test whether mutations affecting eye
development act by altering position-specific identities along this axis. In
wild type eyes, ommatidia in the dorsal and ventral halves of the eye have
different chiralities and rotate in opposite directions during development.
These two forms meet near the midline of the eye to form a line of mirror
symmetry. The frizzled (fz) gene is required for the development of
ommatidial polarity (Zheng et al., 1995); in fz mutant eyes, control of the
ommatidial chirality and rotation is lost. Analysis of clones of fz mutant cells
suggests that fz acts to mediate a midline-to-dorsal or midline-to-ventral
polarity signal. In principle, the expression of enhancer trap lines with
mirror symmetry around the equator might also be activated by a midline
derived signal. However, as seen in Figure 5, fz is not required for the d-v
specific expression pattern of either ventral or equatorial enhancer trap lines,
indicating that fz is not required for all d-v positional differences in the
developing eye.
Discussion
Enhancer trap screening in the Fl generation
In many tissues, the localized activity of developmentally important genes is
transcriptionally controlled. Enhancer trap screens provide an important tool
for identifying and studying such genes (O'Kane and Gehring, 1987). This
approach can complement genetic screens by identifying genes whose absence
causes lethality prior to the stage of interest or whose function is obscured by
the partially redundant action of other genes. In addition, specific reporter
gene expression patterns can reveal how patterns of transcription are
organized in groups of cells which do not exhibit obvious differences in
morphology. Once identified, these lines provide a means to assay position-
specific cell identities during development or following various
environmental or genetic manipulations.
In this study, we have used the mini-white and lacZ genes to carry out
a rapid, large-scale screen for differences in gene regulation in the Drosophila
eye disc. In a large scale enhancer trap screen, two time consuming steps are
the establishment of Drosophila stocks from the transposant individuals and
the isolation and staining of imaginal discs from those lines. The mini-white
reporter allowed us to prescreen many adult transposants and to limit further
analysis to less than one percent of the total. The lacZ reporter allowed a
more detailed analysis of enhancer activity during eye development. Almost
half of these lines demonstrated a corresponding pattern of lacZ expression,
confirming the usefulness of using two reporters.
Two factors may explain why some transposants with differences in
adult eye pigmentation along the d-v axis did not show lacZ expression in the
eye disc. First, we expect that some enhancers only activate reporter gene
expression after third instar when lacZ expression was examined. Second, the
lacZ promoter is presumed to possess an extremely low basal activity (Bier et
al., 1989) while the mini-white promoter has some, but not all, of the cis-
acting sequences required for wild-type expression of the white gene (Pirrotta
et al., 1985; Pirrotta and Rastelli, 1994). The difference in promoters may
make the mini-white reporter more sensitive to enhancer activity in the eye.
In addition, the mini-white, but not lacZ, promoter should also be sensitive
to negative enhancer elements or silencers.
Silencer activity may partly regulate gene expression at two loci
described in this study. Although the mini-white promoter is likely to have
some activity in the absence of enhancer elements, insertions at cytological
positions 24D and 69D show a complete lack of mini-white dependent
pigmentation in a dorsal or ventral region of the adult eye. This observation
suggests that there are sequences with silencer activity in these genomic
regions. Support for this conclusion comes from earlier studies of a white
gene insertion at 24D (Levis et al. 1985; Hazelrigg and Petersen 1992). These
studies described multiple insertions of a P-element construct containing a
white gene with an apparently complete set of cis-regulatory sequences. The
construct in these studies did not contain a lacZ reporter gene. Although
most insertions of this construct provided wild type levels of white-
dependent eye pigmentation, one insertion at 24D showed a reduction in
pigmentation in the dorsal region of the adult eye. The most straightforward
interpretation of these results is that a silencer present in 24D represses gene
expression in the dorsal half of the developing eye. In contrast to the white
gene, the lacZ reporter gene used in our study appears to be dependent on
additional enhancer elements to express detectable amounts of tS-gal (O'Kane
and Gehring, 1987; Bier et al., 1989). At both 24D and 69D, the agreement
between adult eye pigmentation and f3-gal staining indicates that both
silencers and enhancers act to regulate reporter gene expression. At other loci
which have patterned mini-white expression, but no lacZ expression, the
pigmentation patterns could be primarily due to region-specific silencers.
Organization of Positional Information in the Eye Disc
Based on a previous analysis of axon guidance in the Drosophila visual
system, we believed that photoreceptor cells would have distinct positional
identities along the d-v axis of the developing eye disc. In this study, we have
described differential reporter gene expression along the d-v axis of the
developing Drosophila eye. In general, enhancer trap lines often reflect the
expression pattern of endogenous genes. As described in Chapter 3, one of the
loci identified in our screen corresponds to the four-jointed gene. This gene
shows graded expression across the d-v axis of the developing eye, directly
demonstrating transcriptional differences in this tissue. In addition,
transcripts associated with two other loci described here have also been
identified (M. H. B. and H. S. unpublished results; H. McNeill and M. Simon
personal communication). Thus, analysis of reporter expression patterns can
reveal how patterns of transcriptional activation are organized in the
developing eye.
The expression patterns we have described suggest that there are many
transcriptionally distinct positions along the d-v axis of the eye disc. We find
that expression of reporter genes at cytological positions 69D or 24D is
restricted to dorsal or ventral sectors of the eye disc. In between these regions,
there is small group of cells that do not express either reporter. We have also
described graded expression of reporter genes inserted at 53C and 55C, with
the highest expression levels near the equator (i.e. the d-v midline), and
lower levels near the dorsal or ventral poles. Thus, the d-v position of a
developing ommatidium can be approximately defined by its location in the
dorsal or ventral region of the disc and by its distance from the d-v midline.
These lines allow us to ask if position-specific identities arise early
during disc growth or if they are only specified after the disc has approached
its full size at the end of the third instar. The results of two recent studies
(Zheng et al., 1995; Chanut and Heberlein, 1995) suggest that signals required
for the dorsal or ventral specific chirality and rotation of developing
ommatidia might arise concurrently with ommatidial differentiation in the
late third instar eye disc. In addition, one study (Chanut and Heberlein, 1995)
found that induction of an ectopic morphogenetic furrow could alter the
expression pattern of two d-v specific lines described in this study. We have
examined reporter gene expression patterns in less mature, smaller eye discs.
In these discs, the pattern of reporter expression (dorsal, ventral or equatorial)
is essentially the same as observed in discs that are much larger,
demonstrating that distinct transcriptional patterns are present in the eye disc
well before ommatidial differentiation begins.
These lines also provide a tool to examine whether the establishment
of d-v specific gene expression is altered by mutations that affect d-v specific
aspects of eye development. For example, mutations that affect the ability of
retinal axons to reach the appropriate targets in the brain could act by
generally altering the d-v specific expression of genes in the eye, possibly
including position-specific axon guidance molecules (Kunes and Steller, 1993;
Martin et al., 1995). Similarly, mutations that affect the normal development
of dorsal and ventral specific forms of ommatidia might act by generally
affecting the development of d-v positional identities. It has been suggested
that the frizzled (fz) gene is required for ommatidia to respond to an
equatorial polarity signal that determines if ommatidia undergo a dorsal or
ventral pattern of development (Zheng et al., 1995). In this study, we use d-v
specific enhancer trap lines to show that although fz is required for one aspect
of d-v specific development in the eye, it is not generally required to establish
differences in gene expression along the d-v axis. Specifically, the mirror
symmetric expression of two equatorial enhancer trap lines is not affected by
fz mutations. As additional mutations affecting ommatidial polarity, retinal
axon guidance and eye disc growth are characterized, the enhancer trap lines
described in this study should help determine if and how these mutations
affect d-v specific gene expression.
The expression patterns we report are reminiscent of patterns of gene
activity described in models for the development of other discs (Meinhardt,
1982; Gelbart, 1989). In the developing leg and wing, the disc is subdivided
into lineage compartments which show differential patterns of gene
expression early in disc development. Recent studies have demonstrated that
signals at the boundaries of these regions act to organize positional
information across the disc (reviewed in Blair, 1995; Campbell and
Tomlinson, 1995). The division of the eye disc into dorsal and ventral
compartment-like regions was previously suggested by the analysis of cell
clones in the eye (Baker, 1978; Waitz and Campos-Ortega, 1978). However, the
intermingling of cells at the boundary between these regions (Ready et al.,
1976; Waitz and Campos-Ortega, 1978) does not conform to descriptions of
compartment boundaries in other discs (Garcia et al., 1973). Our results are
consistent with an early division of the disc into dorsal and ventral regions of
gene expression. By analogy to models for the development of other discs, it
is possible that the boundaries of these regions (either the d-v midline or the
periphery of the disc) provide signals that create gradients of gene expression
during eye development. The position-specific markers described in this
study provide an important tool for future experiments to evaluate such
models.
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Figure Legends
Figure 1. An enhancer trap screen using two reporter genes.
To identify molecular differences among ommatidia at identical
developmental stages, an enhancer trap screen was performed using both the
lacZ and mini-white genes as reporters of enhancer activity. A more detailed
description of the markers and crosses is provided in the Materials and
methods section.
(A) The temporal and spatial pattern of transcription of many genes is
controlled by the action of transcriptional enhancer elements which can act
on promoter elements at a distance. When a P-element construct inserts near
such an enhancer element, the expression of reporter genes having minimal
promoter elements can be controlled by the enhancer sequences. The
temporal and spatial expression pattern of the lacZ gene is assayed with a
histological stain for the t9-galactosidase protein. The spatial, but not
temporal, expression pattern of the mini-white gene in the developing eye is
assayed by examining adult eye color.
(B) Comparison of the two-reporter screen with a typical single reporter
screen. P-elements are mobilized in "jumpstarter" animals by the
introduction of a genomic source of transposase (A2-3). Individuals with new
P-element insertions are identified by the presence of a P-element specific
marker, the mini-white gene, in progeny that did not inherit the
chromosome containing the original P-element insertion site. In the screen
shown, the original insertions are on an attached X chromosome (X X) which
will not be present in any of the male progeny. In a typical screen, all the F1
males expressing a functional mini-white gene are used to establish lines for
further analysis. In the two-reporter screen, only those transposants with a
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particular pattern of mini-white gene expression are used to establish lines for
further analysis. Of approximately 15,000 transposants examined, 46 with
dorsal-ventral specific patterns of eye pigmentation were recovered.
position-specific transcript
P-lacW
P-tps-lacZ mini- white(eye pigmentation)
YwX ý XAX y w P[lacZ, w*]; TMSA2-3Sb/+
(jumpstarter)
select w+ , Sb+ males (15,000/300,000)
y w; P[/acZ, w ]
(transposant)
Two Reporter Screen
select transposants with non-uniform
eye color in the dorsal-ventral axis(46/15,000)
Single Reporter Screen
keep all transposants
establish lines, stain dissected imaginal discs with X-gal
analyze lines with interesting lacZexpression patterns (18/46)
annnj,,r afImn-gn*
B $
Figure 2. Patterns of mini-white and lacZ reporter gene expression.
Enhancer trap insertions at four loci were isolated that had non-uniform lacZ
expression along the d-v axis of the eye. A list of these insertions is provided
in Table 1. Examples of mini-white dependent adult eye pigmentation (left)
and 1-galactosidase staining in late third instar eye discs (right) are shown for
one line from each locus. Other lines from a given locus have similar
patterns of reporter gene expression, but may have weaker levels of reporter
gene expression. Note that in addition to the d-v differences seen in these
lines, reporter expression is also non-uniform along the anterior-posterior
axis; these differences are probably caused by changes in gene expression as
ommatidial differentiation proceeds. For all panels, anterior is left and dorsal
is up. All adult eyes are shown at the same magnification. All eye discs are
shown at the same magnification. Scale bar for eye discs: 50pm.
(A) Dorsal-specific expression. Four lines were recovered with insertions at
cytological position 69D which showed dorsal-specific expression of mini-
white and lacZ in the eye. Examples are shown from insertion P69Df7.
(B) Ventral-specific expression. Three lines were recovered with insertions at
cytological position 24D which showed ventral-specific expression of mini-
white and lacZ in the eye. A P-element insertion at this locus was previously
identified in which expression of an intact white gene was repressed in a
dorsal region of the eye (Levis et al., 1985; Hazelrigg and Petersen, 1992).
Examples are shown from insertion P24De13.
(C) Equatorial-specific expression. Ten lines were recovered with insertions at
cytological position 55C which showed equatorial-specific expression of mini-
white and lacZ in the eye. Nine of these lines also show non-uniform
expression in the developing brain (see Figure 3B). Examples are shown from
insertion fjpl.
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(D) Equatorial-specific expression, posterior to the morphogenetic furrow.
The original P-element insertion at cytological position 53C only showed faint
lacZ expression, but lines with stronger reporter gene expression were
generated by mobilization and reinsertion of this P-element (data not shown).
These lines showed equatorial expression of mini-white in the eye and
equatorial expression of lacZ in cells posterior to the morphogenetic furrow
in the eye disc. Examples are shown from insertion P53Cm100.

TABLE 1
List of P-lacW Enhancer Trap Insertions with Non-uniform Expression
of mini-white and lacZ along the Dorsal-Ventral Axis of the Eye
Insertion Cytological Eye Disc Comments
Location Expression
P69Df7a 69D dorsal lethal insertion in mirror gene, fails to
complement Dichaetel
P69Dc7a 69D dorsal viable insertion in mirrora gene
P69Dh15 69D dorsal viable insertion
P69Di18 69D dorsal (faint) viable insertion
P24De13 24D ventral viable, same location as described by Hazelriggb
also expressed in developing brain
P24Dd15 24D ventral viable, same location as described by Hazelriggb
P24Dh6 24D ventral (faint) viable, same location as described by Hazelriggb
f 1p 55C equatorial four-jointed locus, see Chapter 2, Figure 1
also expressed in developing brain
fjp 2  55C equatorial four-jointed locus, see Chapter 2, Figure 1
also expressed in developing brain
fjp 3  55C equatorial four-jointed locus, see Chapter 2, Figure 1
also expressed in developing brain
fjp 4  55C equatorial four-jointed locus, see Chapter 2, Figure 1
also expressed in developing brain
fjp 5  55C equatorial four-jointed locus, see Chapter 2, Figure 1
also expressed in developing brain
fJp 6  55C equatorial four-jointed locus, see Chapter 2, Figure 1
not expressed in developing brain
P55Ci20 55C equatorial four-jointed locus, see Chapter 2, Figure 1
also expressed in developing brain
P55Cg4 55C equatorial four-jointed locus, see Chapter 2, Figure 1
also expressed in developing brain
P55Ci10 55C equatorial four-jointed locus, see Chapter 2, Figure 1
also expressed in developing brain
P55Ci19 55C equatorial also expressed in developing brain
P53Ce2 53C equatorial (faint) viable, eye expression is posterior to furrow
P53Cm100C 53C equatorial viable, eye expression is posterior to furrow,
eye expression is glass-dependent and
photoreceptor-specific
Notes for Table 1.
a Southern blot analysis indicates that insertions P69Df7 and P69Dc7 are located near the five prime end of
the mirror gene (H. McNeill, M. Brodsky, H. Steller, M. Simon, unpublished results). Insertion P69Df7 fails to
complement other lethal and viable mirror alleles. In trans to strong mirror alleles, insertion P69Dc7 gives a
held out wing phenotype. Preliminary analysis of insertions P69Dh15 and P69Di18 suggests that these
insertions are not in the mirror gene.
b See Levis et al., 1985; Hazelrigg and Petersen, 1992.
c Because the original insertion at this locus (P53Ce2) exhibited weak reporter gene expression, local P-
element hopping was used to generate another line (P53Cm100) with stronger reporter gene expression. In
a separate screen using an enhancer trap construct containing the rosy gene, we isolated an additional
insertion (P53Cb347) at this locus.
Figure 3. Confocal analysis of lacZ expression. Third instar eye discs and
brains were dissected from a line with enhancer trap insertion flp 2, stained
with anti-f3-galactosidase and anti-HRP antibodies and viewed with a confocal
microscope. Anti-HRP antibodies recognize neuronal cell membranes (Jan
and Jan, 1982), including axons. For (A) and (B), anterior is left and dorsal is
up. For (C), anterior is left and lateral is up. Scale bars: (A) 15pm, (B) and (C)
25pm.
(A) A gradient of lacZ expression in the eye disc. Different levels of
fluorescence intensity were assigned different colors using the histogram
option of the confocal microscope software package. The relative intensity
ranges and corresponding colors are as follows: 180-255, red; 120-180, yellow;
70-120, green; 10-70, blue; 0-10, black.
(B, C) lacZ expression in the developing lamina. The nuclei of lacZ
expressing cells are shown in red and neuronal cell membranes, including
axons, are shown in green. Detailed descriptions of similar views of the
developing lamina have been provided previously (Winberg et al., 1992;
Kunes et al., 1993). In a lateral view of the developing eye disc and brain (B),
the developing photoreceptors in the eye disc can be seen on the left and an
optical cross section through their axons as they pass through the developing
lamina can be seen as a crescent on the right. The approximate position of the
dorsal-ventral midline of the developing lamina is indicated (arrow).
Expression of the lacZ reporter is found in cells anterior to the innervated
region of the lamina. These cells will be induced to become part of the
lamina by the arrival of additional photoreceptor axons. Within the pre-
innervated region of the lamina, the highest levels of reporter expression are
found in a region ventral to the dorsal-ventral midline. In a horizontal view
of the developing lamina (C), lacZ expression is found anterior to the lamina
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furrow (arrow), in the region where the most recently differentiated retinal
axons arrive. The position of the lacZ expressing cells indicates that they will
give rise to lamina neurons.

Figure 4. Size invariant patterns of reporter expression during disc growth.
tR-galactosidase staining is shown for mid-third instar, early third instar, and
mid- to late second instar eye discs. For each line shown, the pattern of
reporter gene expression is maintained during several stages of disc growth.
For all panels, anterior is left and dorsal is up. All discs are shown at the
same magnification. Scale bar: 50pm.
(A) Dorsal-specific expression in eye discs from a stock with the P69Df7
insertion. (B) Ventral-specific expression in eye discs from a stock with the
P24De13 insertion. (C) Equatorial-specific expression in eye discs from a stock
with the fjP2 insertion.
C
Figure 5. Reporter gene expression in frizzled mutants.
Dorsal-ventral (d-v) specific expression of mini-white or lacZ in wild type (A,
C, E, G) and frizzled (B, D, F, H) eyes. The restricted d-v expression of these
enhancer trap lines is not altered in frizzled (fz ) mutants. All adult eyes (A -
F) are shown at the same magnification. Likewise, both third instar eye discs
are shown at the same magnification.
(A, B) Insertion P24De13. Ventral expression of mini-white in adult eyes.
(C, D) Insertion fjp2. Broad equatorial expression of mini-white in adult eyes.
(E, F) Insertion P53Cm100. Equatorial expression of mini-white in adult eyes.
(G, H) Insertion P53Cm100. Equatorial expression of lacZ in third instar eye
discs.

CHAPTER 3
Graded Expression of four-jointed, a Gene Required for
Drosophila Eye and Leg Development
Summary
An enhancer trap screen for patterned gene expression in the Drosophila eye
identified several lines with an equatorial-to-polar gradient of lacZ
expression. These insertions are in the four-jointed (fi) gene, which is
required for proper leg, wing and eye development. The f cDNA sequence
includes a presumptive internal signal sequence, indicating that fj encodes a
cell surface or secreted protein. Analysis of thef•f phenotype and expression
pattern in the leg suggests that f is required for cell-cell signaling during disc
development.
Introduction
Gradients of gene expression are believed to be important for the
development of position-specific cell-type specification. During early
Drosophila embryo development, the graded expression of several genes is
required for the establishment of the anterior-posterior axis (reviewed in
Lawrence, 1992). Although it is uniform in structure, several lines of
evidence suggest that the Drosophila eye may have sectored or graded gene
expression (reviewed in Chapter 1). To directly search for transcriptional
differences along the dorsal-ventral (d-v) axis of the eye disc, we have
performed an enhancer trap screen (described in Chapter 2). We have
initiated a molecular and genetic analysis of one of the loci identified in our
screen which corresponds to the four-jointed (fj) gene. This gene has also
been recently analyzed in another study (Villano and Katz, 1995). fj shows
graded expression in the developing eye and appears to encode a novel cell
surface or secreted protein. ft mutants exhibit defects in eye, leg and wing
morphology. Analysis of the role of fj in the development of the proximal-
distal axis of the leg suggests thatf acts as a cell-cell signaling molecule
during Drosophila disc development.
Materials and Methods
Analysis of genomic and cDNA clones from the fj locus
Genomic DNA adjacent to the fjp 2 P-element insertion was recovered by
plasmid rescue (Steller and Pirrotta, 1986) using an EcoRI restriction enzyme
digest. This fragment of genomic DNA was used to probe genomic and cDNA
libraries. Four overlapping genomic DNA clones were isolated from a
lambda dash II library prepared from Canton-S DNA (provided by R. Davis).
A 6.5 kb HindIII fragment of genomic DNA was subcloned from one lambda
clone into pBluescript II KS+ for detailed analysis. cDNA clones were isolated
from two libraries, a plasmid library prepared from total imaginal disc RNA
(provided by N. Brown and F. Kafatos) and a lambda gtlO library prepared
from eye disc RNA (provided by A. Cowman and G. M. Rubin). The majority
of cDNA clones were approximately 1 kilobase in length; these clones appear
to be the result of oligo dT priming at a stretch of A residues which also
occurs in the genomic sequence. One clone from each library was identified
that was greater than 3 kb in length. These clones contain the A rich region
which is present at the 3' end of the shorter clones.
Sequence analysis of double-stranded plasmid DNA was carried out
using Sequenase (United States Biochemical Corp.) according to
manufacturer's instructions. Sequence analysis was performed on both
strands of two, overlapping cDNA clones from the plasmid library - pfj2 (3.2
kb insert) and pfj13 (1.0 kb insert). Sequence analysis was also performed on
one strand of the 6.5 kb genomic subclone in the region corresponding to the
cDNA sequences. This genomic fragment contained all but the last 100
basepairs of the cDNA sequences. Comparison of the cDNA and genomic
restriction maps and sequences revealed no introns within the predicted
transcript. For any sequence differences between the sequenced clones, an
additional genomic or cDNA clone was sequenced in that region. The base
found in two of the three clones was used in this report. Within the open
reading frame, only a single basepair sequence difference was found; this
difference did not result in an alteration of the predicted peptide sequence.
Computer analysis of the cDNA sequence was carried out using the
GCG (Genetics Computer Group, Inc.) group of programs. Comparison of
cDNA and peptide sequences to available databases was performed using the
BLAST and FASTA sequence comparison programs. Comparison of codon
usage in the open reading frame to a Drosophila codon usage table was
performed with the CodonPreference program. Hydropathy analysis was
performed using the Kyte-Doolittle algorithm.
Genetic Analysis of fj
A quantitative comparison of fj phenotypes was performed on adult leg
segments. Each P-element insertion or excision allele was examined in trans
to the Pcl4 deficiency (Lindsley and Zimm, 1992) which includes the
cytological region from 55A to 55F. Adults were placed in isopropanol and
then transferred to a 1:1 mixture of Canada Balsam and methylsalicylate.
Adult legs were removed and mounted in this mixture. A transmitted light
image of each leg was acquired on a Biorad MRC600 confocal microscope and
segment lengths were measured using software provided by the
manufacturer. For each genotype, at least ten male forelegs were analyzed.
Adult eye morphology was examined using both light microscopy and
scanning electron microscopy. Deformations of the eye could be observed
under a dissecting microscope by examining the curvature of the eye surface
from a ventral perspective. For scanning electron microscopy, adult flies
were dehydrated through an ethanol series, critical point dried and coated
with gold-palladium. Samples were examined with a scanning electron
microscope at the Harvard Museum of Comparative Zoology.
The location and orientation of P-element insertions in the fj locus
were determined by several methods. Insertions fjpl,fjp2,fjp 6 and P55C-I19
were localized to cytological position 55C by in situ hybridization to polytene
chromosomes. For each stock with an equatorial pattern of lacZ expression in
the eye disc, genomic DNA was prepared for PCR and Southern blot analysis.
PCR was first performed using one primer
(AGCGGCCGCGGTACCACCTTATGTTATTTCATCATG) which recognizes
the terminal repeat sequence (underlined) found at both ends of the P-
element construct and a second primer from within the cDNA sequence.
Using a variety of cDNA derived primers, the insertion site was localized for
the nine insertions shown in Figure 1. Insertion site positions were
confirmed using additional cDNA derived primers to produce PCR products
of predicted sizes. Southern blot analysis of each insertion line further
confirmed the approximate location of the insertion. The orientations of P-
element insertions near the beginning of the cDNA sequence were
determined in PCR experiments using a primer (CCTGGCCGTAACCGACCC)
that is specific for the lacZ sequence contained within the P-element. In
combination with a primer derived from the genomic DNA near the
insertion, this primer will only produce a product if the lacZ gene is adjacent
to the genomic primer. These orientations were confirmed in similar
experiments using a primer (CCCACGGACATGCTAAGGG) specific to the
other end of the P-element sequence.
Reversion of the fjpl and fjp 2 alleles was accomplished by excision of
the associated P-element insertions. Each P-element was mobilized with A2-3
(99B), a genomic source of P-transposase (Robertson et al. 1988).
Chromosomes that had lost some or all of the P-element insertion were
identified by loss of the mini-white gene. Reversion of the f phenotype was
scored in animals that were homozygous for each excision chromosome. For
the fjP1 allele, 31 of 49 excision events led to a reversion of the fj phenotype.
For the fjP 2 allele, 36 of 63 excision events led to a reversion of the fj
phenotype.
Deletion alleles offj gene were generated by imprecise excision of the
fjp2 insertion. This insertion causes a moderate fj phenotype. The fjP2
insertion was mobilized using A2-3 (99B) and 463 chromosomes that had lost
some or all of the insertion were identified by loss of the mini-white gene.
Animals homozygous for these chromosomes were examined for a strong fj
phenotype. Any chromosomes that had acquired a lethal mutation were
crossed to the Pcl4 deficiency to test if the lethality mapped to the correct
genetic region. One excision line, fjd3, had acquired a recessive lethal
mutation which failed to complement the Pcl4 deficiency. This chromosome
was shown to have af mutation by examining the fj phenotype of animals
heterozygous for this mutation and for the fpl,, jp 2 and the jl mutations.
We do not currently know the gene responsible for the observed lethality.
Because this deletion extends past the region included the ft transcript, it is
possible that it also removes an adjacent transcript. Alternatively, this
chromosome may have gained an additional mutation at a more distant
location. Four excision chromosomes that had not acquired lethal mutations
had strong f mutations. Each of these failed to complement the fjl and fjPl
alleles. The genomic DNA surrounding the initial fjp2 insertion site was
examined by Southern analysis. Two of the viable excisions alleles did not
appear to remove a substantial amount of genomic DNA. Both of these still
had some P-element sequences remaining. Two of the viable excision alleles,
fjdl and fjd2, had deletions which included some of the transcribed region
adjacent to the P-element insert. The lethal excision allele, f'd3, removed all
of the identified transcribed region. One of the breakpoints of this deletion is
not included in the region examined and it may include one or more
additional transcribed regions.
Wholemount in situ hybridization to imaginal discs
In situ hybridization to imaginal discs was performed using digoxigenin
labeled probes (Tautz and Pfeifle, 1989). Sense and antisense RNA probes
were generated from a subclone of genomic DNA which extends from the
beginning of the transcribed region to the first EcoRI site at basepair 530 in the
cDNA. Probes were synthesized using the Boehringer RNA labeling kit and
the manufacturer's instructions. Discs were dissected from larvae and fixed
for one hour in 4% paraformaldehyde. Discs were washed in PBS and
incubated in 90% methanol, 10% 0.5M EGTA for 1 minute. Discs were
rehydrated in a series of methanol: PBT (PBS plus 0.1% tween 20) washes.
Discs were treated with 10 mg/ml proteinase K for 5 minutes and then
washed with PBT. Subsequent fixation, hybridization and signal detection
were carried out essentially as previously described (Tautz and Pfeifle, 1989).
Discs were mounted in 70% glycerol and examined with a Zeiss Axiophot
microscope.
Results
A transcript with graded expression along the d-v axis
Chapter 2 describes an enhancer trap screen for lines with non-uniform
expression of reporter genes along the d-v axis of the developing eye. The
observed patterns of lacZ expression demonstrate that enhancers of
transcriptional activation exist that have differential activity along the d-v
axis of the eye. To confirm that an endogenous gene is controlled by one of
these enhancers, we have characterized a transcript adjacent to the insertions
at cytological position 55C. These insertions were chosen because of their
striking gradient of lacZ expression in the eye disc (see Chapter 2, Figure 3)
and because some of the insertions disrupt the development of adult tissues
(see below). As described in the next section, the transcript we have identified
is required for the function of a previously identified gene, four-jointed.
Genomic DNA adjacent to the P-element insertions at 55C was isolated
(Figure 1); a fragment of this DNA hybridizes to a transcript of approximately
3.5 kb (data not shown). We used this fragment to isolate overlapping cDNA
clones which, when combined, predict a 3.6 kb transcription unit. The cDNA
sequences begin at the site of the fjP2 P-element insertion and continue just
past the end of the HindIII genomic fragment shown (Figure 1). Comparison
of cDNA restriction maps and sequences to the genomic restriction map and
sequence indicates that there are no introns in this transcript. We have
mapped the approximate insertion sites for nine out of ten insertions in this
locus: two are located within the transcribed region, one is 3 kb upstream and
six are just upstream of the 5' end of the longest cDNA. The clustering of P-
elements near the likely transcriptional start site is consistent with the
previous observation that P-elements often insert into the promoter regions
of genes (Engels, 1989).
In situ hybridization with a probe derived from DNA encoding part of
this transcript demonstrates that the RNA distribution matches the
expression pattern of the lacZ reporter in several discs. Transcript levels in
the eye disc are highest near the equator, lower in an intermediate region and
very low in the dorsal or ventral polar regions (Figure 2A). In the developing
brain, the transcript is found in cells immediately anterior to the innervated
region of the lamina (Figure 2B). Confocal analysis of lacZ expression in the
brain indicates that this expression is confined to lamina neuronal precursor
cells (see Chapter 2, Figures 3B and 3C). Along the d-v axis of the brain,
transcript levels are somewhat higher in a region ventral to the midline and
are lower near both the dorsal and ventral poles. Expression in the wing disc
is found in a large central region including the wing pouch which gives rise
to the adult wing (Figure 2D). In the leg disc, the transcript is found in two
concentric circles (Figure 2C). The innermost ring of expression is a region of
the disc that will give rise to the first tarsal segment of the leg. Examination
of several enhancer trap lines with high levels of lacZ expression in the leg
did not reveal any regions of lower level expression in this region of the leg
(data not shown). This expression pattern suggests that this transcript might
play a role in the development of the proximal-distal axis of the leg. As
described below, the phenotypes associated with mutations that affect this
transcript are consistent with this conclusion.
Genetic analysis of four-jointed
To probe the function of this transcript during development, we attempted to
identify mutations that removed its activity. We examined animals
homozygous for each P-element insertion. All of the insertions are
homozygous viable. Because of the transcript distribution in imaginal discs,
we examined eyes, legs and wings in adults homozygous for each insertion.
Compared to wild-type, adults homozygous for the fjpl insertion have much
shorter legs, with four tarsal segments instead of five (Figure 3A and 3C).
They also show a decrease in wing length that can be seen by examining the
distance between the two cross-veins (Figure 3D and 3F). Animals
homozygous for several other insertions are missing one tarsal segment
(Figure 3B), but the overall leg and wing lengths are largely unaffected. The
phenotypes associated with the fjpl insertion resemble those described in
animals mutant for a gene previously mapped to the same genetic location,
four-jointed (Lindsley and Zimm, 1992). In agreement with this observation,
the insertion alleles fjpl and fjp2 both fail to complement the originally
described f•l allele. Both of these insertions were remobilized to generate
chromosomes that no longer contained the P-element insertion (see
Materials and methods). A high frequency of these chromosomes no longer
carried a four-jointed (fj) mutation. These revertants verify that the P-
element insertions are directly responsible for the fj mutations. Several
insertions with moderate fj phenotypes, including fjp2 , are found in the
putative promoter region of the transcript described above. The insertion
with the strongest phenotype, fjpl, occurs within the transcript.
The clustering of P-element insertions associated with f mutations
directly adjacent to or within this transcript strongly suggests that it is
required for the function of the fj gene, but an alternative possibility is that
the insertion of a 10 kb P-element disrupts the function of a more distant
transcript that is required for fj function. To generate additional fj alleles
which did not contain P-element sequences, we remobilized the fjP 2
insertion and screened for imprecise excision events that caused phenotypes
resembling the fjpl phenotype. Several deletions were identified that had a
strong f phenotype, but no longer contained any P-element sequences (Figure
1). Deletion allele fjdl removes approximately 4 kb of DNA surrounding the
fip 2 insertion site, including the beginning of the open reading frame found
in the transcribed sequence. Deletion allele fd2 removes approximately 2 kb
of DNA flanking fjp2 , indicating that sequences important for fj function are
in the immediate vicinity of this insertion. Both the fjdl and fjd2 deletion
alleles are homozygous viable and are associated with strong f phenotypes
when homozygous and in combination with an independently generated
deficiency for 55C, Pcl4. Together, the molecular analysis of insertion and
deletion mutations indicate that this transcript is required for fj function.
A quantitative analysis of several alleles indicates that ft has variable
effects on the longitudinal growth of different tarsal segments in the leg.
Previous analysis of the fl allele indicated that the f gene was required for
longitudinal growth (i.e. along the proximal-distal axis) but not
circumferential growth (i.e. along the radial axis) in the leg (Waddington,
1943; Tokunaga and Gerhart, 1976). Consistent with this conclusion, we have
not observed defects in circumferential growth associated with any of the fj
alleles we have examined. To compare the effects of different f alleles on
longitudinal growth, we have measured leg segment lengths in mutant
animals (Figure 4). The only defect we have detected in weak alleles of fj is
the fusion of the second and third tarsal segments into a single segment
(Figure 3 and Figure 4). The weakest f alleles, fjp 5 and fjP 6, show incomplete
penetrance for this phenotype resulting in a large deviation for the combined
length of the second and third segments. Strong alleles of fj also have a
reduction in the length of the first tarsal segment (Figure 4), as well as the
tibia and femur (data not shown). None of the mutations affects the length of
the most distal segments, the fourth and fifth tarsal segments (Figure 4).
A previous analysis of the original f•l mutation did not address the
possibility that this strong allele still produces some, but not wild-type levels,
of the fj gene product (Tokunaga and Gerhart, 1976); thus, it could not be
ruled out that fj was required for disc growth in general and that the specific
growth defects observed were the result of a partial loss of fj function. The
fjdl allele described here is unlikely to produce a functional protein product
from the fj transcript. This deletion removes all of the 5' untranslated region
and at least the first 100 aminio acids of the open reading frame including a
putative signal sequence, predicted to direct the encoded protein to the cell
surface (see below). Thus, the phenotype associated with this allele probably
represents a null phenotype for this transcript. Like the previously
characterized fjl allele, this mutation affects the first three tarsal segments,
but not the fourth and fifth, confirming that fj is specifically required for
longitudinal growth of a subset of tarsal segments. We have not repeated the
mosaic analysis performed previously (Tokunaga and Gerhart, 1976) because
large mutant clones in the leg include multiple tarsal segments (see
Discussion).
We also examined the effect of strong fj mutations on eye
development. In contrast to the differences seen in adult leg morphology, the
adult eyes of animals with f mutations are not significantly reduced in size
compared to wild-type. However, we have observed deformations of the eye
surface in some of these animals (Figure 5). Although this phenotype occurs
with incomplete penetrance and variable expressivity, we have observed it in
animals containing a variety of independently generated fi mutations, but
never in siblings from the same crosses that are heterozygous for fj
mutations. The epigenetic factors affecting the penetrance and expressivity of
this phenotype are unclear. When examined by scanning electron
microscopy, most fi animals have eyes with either wild-type curvature or
slight indentations. For Figure 5, we have selected examples that
demonstrate the range of observed defects from nearly wild-type (Figure 5B)
to extreme cases with multiple indentations of the eye surface (Figure 5D). In
sections of these eyes, both ommatidial rotations and the arrangement of
photoreceptor rhabdomeres within individual ommatidia appear normal. In
addition, the underlying lamina, which is dependent on photoreceptor axon
input for proper development (Selleck and Steller, 1991), appears normal at
this level of resolution. In the third instar eye disc and brain, we have not
observed any dramatic defects in the proper spacing of differentiating
ommatidia, the arrangement of retinal axons as they grow into the brain, or
the size and morphology of the disc itself. In addition, fj mutations did not
alter the expression of another equatorial enhancer trap line, P53Cm100
(expression shown in Chapter 2, Figure 2D). Although the deformed eye
phenotype may reflect an interesting global defect in eye formation, its low
penetrance and variability make a more detailed analysis of the
developmental events that give rise to this phenotype difficult to perform.
Sequence analysis of fj
The sequence of the f transcript suggests that it encodes a novel cell surface or
secreted protein. fJ cDNAs contain a single large open reading frame
encoding a predicted protein product of 583 amino acids. Codon usage within
this open reading frame is consistent with it being a translated sequence in
Drosophila. The nucleotide sequence preceding the putative initiator
methionine (C A A A ATG) matches the Drosophila consensus sequence for
translation initiation sites (Cavener 1987). Comparison of this sequence with
database entries did not identify any previously described sequences with a
high degree of similarity. However, hydropathy analysis (Kyte and Doolittle,
1982) of the open reading frame revealed a potential transmembrane domain
(underlined in Figure 6). The absence of an N-terminal region that resembles
known signal sequences suggests that this hydrophobic domain might act as
both a transmembrane domain and an internal signal sequence, as found in
type II transmembrane proteins (Singer, 1990). These proteins have a small,
N-terminal intracellular domain, and large, C-terminal extracellular domain.
In some proteins, such as tumor necrosis factor and the protein product of the
Drosophila hedgehog gene, the C-terminal extracellular domain is cleaved,
resulting in a secreted protein (Pennica et al., 1984; Kriegler et al., 1988; Lee et
al., 1994). Two potential sites for signal peptidase cleavage (von Heijne, 1986)
are located within the transmembrane domain. In addition, the C-terminal
region of f contains several dibasic sites (Barr, 1991) that could be used as
cleavage sites to produce a secreted protein.
As discussed below, the observation thatfi is required for the
development of the first three tarsal segments, but that the transcript is only
detectable in the first tarsal segment, suggests thatfi is required for the
production of a signal from the first to the second and third tarsal segments.
Although the sequence does not place fi in a previously characterized protein
family, the presence of a predicted internal signal sequence indicates that fj
could act to directly mediate cell-cell signaling in imaginal discs.
Discussion
Graded Expression of the fj gene in the developing eye
In the enhancer trap screen described in Chapter 2, lines were isolated with
dorsal, ventral and equatorial patterns of lacZ expression. Because of the
central role of gradients in models for the development of positional
information and topographic maps, we chose to further analyze P-element
insertions at cytological position 55C which show an equatorial-to-polar
gradient of lacZ expression. We have identified a transcribed region adjacent
to the P-element insertions with an expression pattern similar to that seen
with the lacZ reporter. The identification of this transcript clearly
demonstrates that the Drosophila eye, like its vertebrate counterpart, has
graded gene expression among cells at the same stage of development.
Several results indicate that this transcript is required for the function
of thefj gene. In a separate study, deletions that affect this transcript were
associated with f mutations (Villano and Katz, 1995). We show that P-
element insertions at this locus cause a decrease in f gene activity. Several
insertions associated with mild fj phenotypes are found at the 5' end of the
transcript and the insertion with the strongest phenotype is located within
the 5' untranslated region. For two examples tested, removal of the P-
element can lead to reversion of the associated f phenotype. Deletion
mutations that no longer contain any P-element sequences and remove part
of the transcribed region are associated with strong fi mutations. Finally, the
restricted expression of this transcript along the proximal-distal axis of the
developing leg is consistent with the segment-specific defects in longitudinal
growth of the adult leg seen infj mutants.
Although our initial interest in fj arose from its expression pattern in
the eye, our analysis of fj mutants has not revealed a highly penetrant eye
phenotype. The low penetrance and variability of the deformed eye
phenotype that we have described currently makes analysis of f" in this tissue
difficult. However, the expression and phenotype of fj in the leg does provide
useful information about how this gene acts during development.
fj is required for cell-cell interactions in the developing leg
The phenotype of f mutants indicates that this gene is required for the
development of the proximal-distal (p-d) axis in the leg. Fate mapping of the
leg disc shows that the future distal tip of the leg is in the center of the disc
and that more proximal segments occupy a series of concentric rings within
the disc (Cohen, 1993). During pupation, the leg disc telescopes outward to
form the p-d axis of the adult leg. The original fl mutation was described as
causing a decrease in longitudinal growth (i. e. along the p-d axis) of some leg
segments (Waddington, 1943; Tokunaga and Gerhart, 1976). We find that
weak alleles affect development of the second and third tarsal segments and
that strong alleles also affect development of the femur, the tibia and the first
tarsal segment. Nofi allele has been described that affects the fourth and fifth
tarsal segments. There does not appear to be a significant change in growth or
patterning around the circumference of the leg in fj mutant animals. Among
the strong alleles we have characterized, one deletion includes the beginning
of the predicted f protein coding region suggesting that the strong alleles
reflect a null phenotype. Thus, f is required for longitudinal growth of
specific segments in the leg.
Several other genes required for the development of the p-d axis have
been shown to have localized expression along the p-d axis (Campbell et al.,
1993; Cohen, 1993; Godt et al., 1993; Mardon et al., 1994) The segment-specific
effects of weak and strong alleles of fj indicates that it may have non-uniform
action along the p-d axis. Ideally, mosaic analysis would provide an
indication of which parts of the developing leg require fj function. The
results of a previous mosaic analysis of fj indicate that fj mutations have a
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cell non-autonomous effect over a short distance around the circumference of
the leg (Tokunaga and Gerhart, 1976). However, this work did not
distinguish in which segment f acts during development of the tarsal region
of the leg because large leg clones included cells from multiple tarsal
segments. We have examined the expression of fj during leg development
and find that the fi transcript is found in two concentric rings, consistent with
a role in development of the p-d axis. Within the tarsal region of the leg, fj is
required for the normal development of the first three tarsal segments, but
the fj transcript is only observed in the first tarsal segment. We have also
examined lacZ expression in several enhancer trap lines at the f locus that
gave rise to strong lacZ expression (data not shown). In the tarsal region, lacZ
expression is restricted to the first tarsal segment in the third instar disc
through six hours of pupal life, at which point the fusion of tarsal segments
two and three can be clearly seen in f mutant animals. Although we cannot
rule out the possibility of extremely low levels of expression in tarsal
segments two and three, our observations strongly suggest that the fj gene has
a cell non-autonomous effect on the development of these segments. This
effect is not simply a secondary consequence of a decrease in the size of tarsal
segment one since some alleles of f affect growth of tarsal segments two and
three, but have no obvious effect on tarsal segment one. Thus, fj appears to
be required to send a developmental signal from tarsal segment one to tarsal
segments two and three.
In principle, the fj gene could encode a protein expressed in the first
tarsal segment which provides a signal to the second and third segments or it
might act to regulate the production of such a signal in the first tarsal
segment. Sequence analysis of fj cDNAs indicates that it encodes a novel
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protein with a potential internal signal sequence. Villano and Katz have
shown that a fj cDNA can direct synthesis of both secreted and
transmembrane proteins in a mammalian in vitro translation system
(Villano and Katz, 1995). During Drosophila leg development, the fj gene
product could act as a transmembrane protein or it could be cleaved to
generate a secreted protein. These results are consistent with fi encoding a
protein that directly mediates cell-cell signaling. Understanding how a fj
dependent signal acts to influence leg growth will require a more detailed
analysis of the cellular responses to this signal.
Role of fj during eye development
In contrast to the analysis of fj function in the leg, the relationship between
the graded expression of fj in the eye disc and its phenotype in the adult eye is
unclear. Examination of adult eyes from fj animals reveals irregularities in
the curvature of the eye surface which occur with low penetrance. One
possible explanation for the lack of a more severe eye phenotype is that a
second system exists which can partially compensate for the absence of fj
function during eye development. Indeed, a number of genes identified on
the basis of their in vitro activities or expression patterns do not show
striking phenotypes when removed genetically. Genetic screens for
"synthetic lethals" has identified pairs of genes with partially redundant
functions in yeast (Guarente, 1993). In mice and flies, several genes whose
absence results in apparently subtle developmental defects have been shown
to have more fundamental roles by making double mutants with genes
having overlapping expression. In the case offj mutants, it is possible that
other molecules can either directly substitute for the absence of fj function in
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the eye or might act in parallel pathways which can compensate for removal
of f. It was previously reported (Waddington, 1943) that animals with
mutations in both fj and another "leg gene" called dachous had a dramatic
reduction of eye tissue, but we have not been able to confirm this result (M. B.
and H. S. unpublished results). Ectopic expression offi or combinations of fj
mutations with other mutations affecting eye or leg development may
provide a better understanding of how fj acts during the construction of the
visual system.
In the developing Drosophila embryo, genetic screens have been
extremely successful in identifying genes whose patterned expression is
required for proper development (Niisslein-Volhard, 1991). However,
genetic approaches may have some limitations when single genes have
multiple functions or when multiple genes have overlapping functions.
Identification of such genes may require other techniques. In this study, an
enhancer trap screen allowed the identification of a gene whose eye
phenotype alone may not have led to the description of its gradient of
expression. The characterization of f described here provides a step towards
understanding how patterned gene expression is generated and utilized
during the development of the Drosophila leg and visual system.
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Figure Legends
Figure 1. Molecular characterization of four-jointed. The positions of P-
element insertions, the transcribed region and deletion mutations are shown
on a 6.5 kb genomic fragment. Insertions that result in an adult leg
phenotype are referred to by their four-jointed allele designation. The
restriction sites shown are as follows: H, HindIII; E, EcoRI; X, XbaI; P, PstI.
The site marked with an asterisk is polymorphic between the genomic clone
and the chromosome containing the fjP2 insertion. The P-element insertion
sites are depicted by a triangle and a vertical line. The orientation of the P-
element insertion is indicated by an arrow within the triangle. The arrow is
pointed in the direction of transcription for the lacZ gene. The orientation of
insertion P55Ci20 was not determined. The location of the cDNA sequences
is indicated below the restriction map. Sequencing and restriction mapping
do not reveal any introns in the transcribed region. The direction of
transcription is from left to right in this figure. The region of the cDNA
sequences that form an open reading frame is indicated as an open box. At
the bottom, the regions of genomic DNA missing in various deletion alleles
are depicted as breaks in a line. The dashed lines indicate the region to which
the deletion breakpoints have been localized. One breakpoint for deletion
fjd3 occurs to the right of the region depicted.
1 kb
P fp1
-I
O.R.F.
fj transcript
fj dl
fjd2 -
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Figure 2. Distribution of the four-jointed transcript in third instar tissues.
four-jointed RNA distribution was detected in late third instar discs and
brains by in situ hybridization with a digoxigenin labeled RNA probe. For (A)
and (B), anterior is left and dorsal is up. Expression is shown for an eye disc
(A), a developing brain (B), a pair of leg discs (C) and a wing disc (D).
A
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Figure 3. Leg and wing phenotypes in four-jointed insertion alleles. Male
forelegs (A-C) and wings (D-F) from wild-type (A, D), fjP2 (B, E) and fjP1 (C, F)
animals. For all panels, distal is right. In the wild-type leg, the five small
tarsal segments at the distal end of the leg can be seen (A). fjp 2 is a moderate
four-jointed allele caused by a P-element insertion at the 5' end of the four-
jointed transcript. In animals homozygous for this insertion, the length of
most of the leg segments is unaffected, but there are only four tarsal segments
instead of five. The decrease in the number of tarsal segments appears to be
due to the fusion of the second and third tarsal segments. fjpl is a stronger
four-jointed allele caused by a P-element insertion within the four-jointed
transcript. In animals homozygous for this insertion, the second and third
tarsal segments are again fused into a single segment (C). In addition, several
other leg segments, including the tibia, femur and first tarsal segment, are
significantly decreased in length. Another phenotype associated with this
insertion is a decrease in wing size compared with wild-type. This difference
is most readily seen by comparing the distance between the two cross-veins in
wild-type (D) and fiPl(F) wings.
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Figure 4. Quantitative comparison of four-jointed alleles. Leg segment
lengths were measured (see Materials and methods) for each of the P-element
insertions at 55C and for the two viable deletion alleles described in the text.
Each insertion or deletion was examined in trans to the Pcl4 deficiency which
includes the 55C cytological region. Because all of the insertions and
deletions were created in a yellow, white (yw) background, yw crossed to the
Pcl4 deficiency was used as the wild-type control. The fP1l insertion allele and
the deletion alleles showed significant decreases in the length of tarsal
segment one. The lengths of the second and third tarsal segments were added
together in animals that did not have a fused segment. Many of the
insertions resulted in fusion of these segments. None of the insertions or
deletions had a significant effect on the length of the fifth tarsal segment.
T1 T2 + T3 T5
Genotype
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Figure 5. Eye deformities in four-jointed animals. Scanning electron
micrographs of wild-type (A) and selected four-jointed (B-D) adult eyes. The
wild-type eye is composed of approximately 800 ommatidia which are
arranged in an extremely regular and reproducible structure. The surface of
the wild-type eye invariably forms a smooth, curved edge. Many four-jointed
animals have eyes which resemble wild-type. Some animals with four-
jointed mutations have disruptions in the structure of this tissue. Selected
examples of animals that demonstrate the range of defects we have observed
are shown (B-D). For all panels, anterior is left and dorsal is up.
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Figure 6. four-jointed cDNA sequence. The amino acid sequence of the
single long open reading frame is shown below the four-jointed cDNA
nucleotide sequence. A perfect match to the Drosophila translation initiation
consensus sequence is underlined next to the predicted start codon (Cavener,
1987). A potential polyadenylation signal (Proudfoot ,1991) near the end of
the cDNA sequence is underlined. A hydrophobic region of the predicted
peptide sequence extending from position 77 to position 102 is double
underlined. The presence of two basic residues immediately before and after
the hydrophobic region is indicated by a "+" next to the amino acid symbols.
The location of this hydrophobic region combined with the absence of an N-
terminal signal sequence suggests that it acts as an internal signal sequence.
This sequence is predicted to result in a large extracellular domain C-terminal
to the hydrophobic region. Three potential N-linked glycosylation sites
within this region are highlighted in bold type. There are several potential
dibasic sites (Barr, 1991) which could act as cleavage sites to release part of the
C-terminal region from the cell surface. These sites are indicated by asterisks.
1 GGCCAGTCTGTCAGC GAA GCGAACGGTACGCAGGCGCGCAGTCGCACATCCGTCAGCATAGCAAACGCCAGAAACCAA
86 CACTITTAGTICCGATCAGATACAGTGCGACAATCTAAACACGCGTTCGCACCACCAACACATCGCGGCCAAAACGAGAAAAAGACG
176 CGAGGCAAGGAGTGCAAACATATTAGGACAGCGAAATAAATAAAGCGGAGGCATAAAAATTCCTCACATGCGGTGCGCAGCGACG
266 AAGATCGA CGGAAAAAAGGCTAAAATACAGCGAGGCCAAATAAAAGCGATICGCAGCCAAGCGAAGCTCGCCGA GT
356 GGCCAAGGTGCGAGACAAGAAATrAAATIGATAAAGCCTAAAAAGCGGAGCCTAGGACTTrITCCTCTCCCICGGCCAACAAACCTACAA
446 ACAAACAAACCAGCGCCACACACACAAACTIMTCGCGTTGITCGGCGCGGGCAATTATCGGGCGATAG TCrAATICGA
536 G'IGCGAAGCAACCCCACCAAAGTGTTAAAGTGTGTGCCAG I7GTG"G'•TGCCAGTGTG AGCGGTAGC CAAATAGC
626 TCAGAGCCACGAAATTGCTTTTATCGGCGCACCGAATCGCTCCGCCAACCTCAAGTCCAAAATTAAAAACAAAAATAGAAACTGTC
716 GGTTCGTTIGGCCGAAGGGCCAGCTAGCCATCTCGCAAAATA7AGCCCGCC TCACAACGCCAGCAAACAAACAAACAAACGGCCA
806 GCACA AAAA ATTACAGCAAGTGATCGCAGAAAATAGATCGATAAACCCAAACCCCAAACCCCCAAACTC-AACG
996 AACTCGAACCCGAAAAAAAAITCGACAAAAAAAAA CGCGAAAAAGCGACGCGGTCCAGCGGAGAGTATAAAAATAA
986 ATAAACGAGCGACGATCAGCGAGCGATCAAGGAGCTAAAGCAGGAGGAGCA CGTIt iGT•111 AATTCAATTG IC
1076 GTAGAGGAAAAATICGAACCGG'CCCCGCCGAGAGTCGCCAACCGAGGAGCGGAGGACGAAGCCAGCAACCGAGAACGAACCACCGATAT
1166 TTATTAAACAAAGACAGAAATTAATCAGATTITGTGAGGCACCACAGCAATACGCAATCCAGCACCACCACCCCTCGCTTCAT
1256 CGCCGCCGCTCCACTGAGCGGCTIGAACTTGAGCCTGAGGTCGG"GCICACAGGGAACTAGGGATCGGGATCTCGCCCGCCGGC
1346 ATGTACGACATCAAGCGCCTGGAAGCGGGACAACAGAAACTACAGCAAGCACAGCAACCACGGCCTIGACCGAGCGGCCAGCAACAG
1M Y D I K R L E A G Q Q K L Q Q A Q Q P L G L D L S G Q Q Q
1436 CAACTCACCTGCAGCGGA'ICACAGCGCCCGAGCATCGGGCTAATCCCAATITCAGC'ICATIGCAATCCAACCCCAGCGAGGCCACC
31Q L T C S V I T A P E H R A N P N S S S I S Q S N P S E A T
1526 C GAAACTIGTIGACGCTGCGCCGGCGCCGTTCGCMCAGCGACGCGCCGCCTTC GCACCTCGCCGCCTTCGTCTGGCATG
61 H M T L L T L R R R R S L Q R+ R+ A C L L S I L A A F V F G M
1616 GCACTGGGCGTGGTI'GCCCAGTTCGGCCGCCCCGCCACCAGGAC'CCCCGCCAGATCTGCCGGAGGAGCAGATACAGATGG CC
91A L G V V V P M F G L P R+ H+ Q D S P P D L P E E Q I Q M V A
1706 GTGGAGCCGCTGAGCAGCTACCGCGGGAGTTATCAAGGAGACGGACGAGCTGAGGCCGAGCAGGTATTCCGCAA'GCCTTCCAITT
121 V E P L S S Y R V E F I K E T D E L S A E Q V F R N A F H L
1796 GAGCAGGACAAGGATG CTCCGGACTCGATGG'IGGGAAGAAAGGACACCAACGACGGCAGCATCAAGGAAIACGGCAGCGCACT
151 E Q D K D A P D S M V V K K L D T N D G S I K E F H V Q R T
1886 GCCAGCGGTCGTTATCGCAAGGGTCCGGAGAGGAGGCGTCCAAGAAGATGCCGGAGAGGGGCAGCCACAAGAGACCTCTCGPCTC CG
181 A S G R Y R K G P E R R* L S K K M P E R V Q P Q E T S R S P
1976 ACGACCTCGCCGACAAATCCTACCAGTGAGCACCAAGCGGGACTTAT GAGGAGGACGTCTATIGGGTCCACIGTGGAGCAGGCTCTG
211T T S P T N P T S E H Q A G L I E E D V Y W G P T V E Q A L
2066 CCCAAGGGATTCGCCGCCAAGGAC CAAGTCTCTIGGAACGCTPCGTIGAGAGCAGGGCCGAGTAGTCGCCTGAGCAGGGATGCGGT
241 P K G F A A K D Q V S W E R F V G E Q G R V V R* L E Q G C G
2156 AGAATGCAGAACCGCATGGTGGTCTTICGGATGGAACAAGGGCCITGCCCGCTACCGCCAGAATACGGACAGATTCAGGGCGAGATA
271 R M Q N R M V V F A D G T R A C A R Y R Q N T D Q I Q G E I
2246 TTCAGCTACTACTTGGCCAGCTCTTAAACATAAGCAATCTGGCCCCGAGTGCCGCCACCGTGGTGGACACCAGTACGCCCAATGGGCC
301F S Y Y L G Q L L N I B N L A P S A A T V V D T S T P N W A
233 6 GCTGCCCTGGGCGACATTACACAGGCACAGTGGAAGGAGCGCCGACCAGGGTGCTACCCGCTGGCTGTCCGATGGAGCCGGCGGG
321 A A L G D I T Q A Q W K E R R* P V V L T R W L S D L E P A G
2426 ATACCACAGCCCTICCAGCCGCTGGAGCGGCATCTCAACAAACACGACGTCGGAACCTACGCGGCACATGCAATCCGAAAGGCAAGCG
361 I P Q P F Q P L E R H L N K H D V W N L T R H M Q S E 8R Q A
251.6 CAATCGCAGCCGCACGGATTACTCAAGCGGTTGGGGGCTGCCAGTICGCCCGGCTCCGCTCATCAATCAAACGCGATAGGAGACAGGA
391 Q S Q P H G L L K R*L G A A S S P G S A H Q S N A I E E T G
2606 ACAGGAAC CGAAACGGCCAACGGAGCGCGTGCAGCGACTAATTGAATTGGCACAAGGTCCGATTAATCGTCTTCGATTACCTGATC
421 T G T E T A N G A L V Q R L I E L A Q W S D L I V F D Y L I
2696 GCGAACCTCGATCGCGTGGTTAATAACCGTACAACTCAAGGAACGCCGACATCATGGCCGCGCCGGCGCACAACCTTGCCCGCCAG
451A N L D R V V N N L Y N F Q W N A D I M A A P A H N L A R Q
2786 TCCGCCTCGCAGCTGCTCGTCTTCCIGGACAACGAAAGCGGCCTGCTGCACGGCTACCGGCTG TIAAGAAGTACGAGGCATACCACAGC
481 S A S Q L L V F L D N E S G L L H G Y R L L K K Y E A Y H S
28:76 CTCCTCCTCGACAACCTGTGCGTCTTCCGGCGGCCACAATCGACGCCCTGCGACGTTIGCGGGCGGCGGGGCGGGACGCCGGCTGCGT
511 L L L D N L C V F 8 R*P T I D A L R R L R*A A G A G P R L R*
2966 GACCTCTTCGAGCGGACGACCAGCGCCGGAGGCGGGATGTTTTACCTTCTCCGGACAAGTCCGTGAAAATCCTGGTGGAGCGCATC
541D L F E R T T S A G V R D V L P S L P D K S V K I L V E R I
3056 GATCGGTGCGGGCCAAGGCAGAAGTCAGGGCAG AAATCGATAGCATCAGCCCTGCCCCCCAAACACGACATAAGCTG
5"71 D R* V L G Q V Q K C Q G S end
3146 TTAATACCGAAACAGCAGC G TGýGATCTTCACCTAGATGGGATIGCAGTAGTCAAGGGGTCAGCGGCTTTCGAGGTTATATATT
3236 ATAAAGGGGTI TAGAAAAGG7TATrTTATAAATIAAAACTTAAAAATCATAATCATTGGAGTCTTFAAAAGCATATTCGATAAGCC
3326 ACTGACCCAAGGAGATCCGAGTATTAAGGGGTGATCCACTAGAATAC CTATCTTGTAAATGC CAGACTCTA'TCATC;AGTATTAAGCTTA
3416 CCTATCA3TAAAr•TGTATCTGTATAAACTAAGCCTAGCTAGCGTTAACAATGTGTGTGATATTCITCTAAGGAACCAGACTAAGTAGATTT
35• 6 CATPFACCTATFACAACCACTAAACCACAAATATACCGAACGAAAAAAAAAA
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CHAPTER 4
four-jointed is a Position-Specific Regulator
of Growth in the Drosophila Leg
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Summary
The four-jointed (fj) gene is required for regional growth control in the
Drosophila leg. Infi mutants, there is decreased growth along the proximal-
distal axis in three of the five tarsal segments in the leg. ft encodes a protein
with an internal signal sequence and is expressed in a single tarsal segment in
the developing leg disc. To test if the position-specific expression of ft is
important for proper leg development, we have used the Gal4 system to
direct either localized or ubiquitous misexpression of fj. We find that
localized misexpression of f disrupts leg morphology and gives rise to an
apparent overgrowth phenotype. Consistent with this result, we find that
mutations in a disc overgrowth mutant, expanded, can partially suppress the
reduced leg phenotype caused by fj mutants. Based on these results, we
propose that fj acts as a position-specific growth signal during leg disc
development.
Introduction
The final size and shape of a developing organ is determined by a variety of
extrinsic and intrinsic factors (Bryant and Simpson, 1984). Some of the
extrinsic factors that influence tissue growth have been well characterized and
include the levels of circulating hormones and growth factors as well as the
nutritional status of the organism. Several lines of evidence for intrinsic
control of tissue growth have been described. For example, certain immature
organs will still grow to the proper size after transplantation into adult hosts.
For proper growth control to occur, there must be joint regulation of several
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cellular processes including cell division and cell death. In addition, there
must be regional control of these processes within the developing tissue for it
to assume the proper shape. Several signaling molecules have been described
that influence the final morphology of adult structures such as the
appendages (Johnson et al., 1994), but exactly how these molecules coordinate
tissue patterning and growth remains uncertain.
The imaginal discs of Drosophila provide a useful system to study
growth regulation during development (Bryant and Schmidt, 1990; Cohen,
1993). Imaginal discs are groups of undifferentiated cells in larva that will
give rise to most external adult tissues. Groups of imaginal disc precursor
cells invaginate during embryogenesis to form small epithelial sacs. During
larval life, the discs increase in cell number by approximately three orders of
magnitude and by late third instar each disc has attained a size and shape that
is specific to the adult structure it will form. Cellular differentiation of disc
cells begins at the end of larval life and continues through the pupal stages.
Many aspects of disc growth and patterning are remarkably independent of
the development of the rest of the animal. For example, if immature discs
are placed in an adult abdomen, they will continue their growth program
until they have attained the approximate size and shape of a mature late third
instar disc. If placed back into a late third instar host, such a disc can give rise
to the appropriate adult structures. Thus, the regulation of disc growth and
patterning appears to be largely regulated by intrinsic factors.
To identify genes which regulate disc growth, genetic screens have been
carried out for mutants with very small or very large discs (Cohen, 1993). The
significance of disc undergrowth mutants is difficult to assess since they may
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reflect a loss of gene products generally involved in cell proliferation. In
animals with mutations in the disc overgrowth genes, discs can grow to many
times their normal size, indicating that these genes play an important role
either in stopping cell proliferation at the end of larval life or limiting the
amount of cell proliferation during the larval stages. One disc overgrowth
mutant, fat, encodes a cell surface protein with cadherin repeats, implying
that cell-cell interactions play an important role in limiting disc growth
(Mahoney et al., 1991). Another disc overgrowth mutant, expanded (ex) has
homology to the human neurofibromatosis 2 tumor suppressor gene,
suggesting that these genes act in similar pathways in regulating cell
proliferation (Boedigheimer et al., 1993; Boedigheimer and Laughon, 1993).
The analysis of these genes highlights the significance of genetic controls on
the cessation of tissue growth.
Mutations with more subtle effects on imaginal disc development may
also identify important regulators of tissue growth. This idea is supported by
the polar coordinate model for disc development which proposes that the
regulation of disc growth is the result of local interactions between cells of
different positional values (French et al., 1976; Bryant, 1978; Cohen, 1993).
Mutations which disrupt a subset of these interactions might cause regional
defects in disc growth, but not dramatically alter the overall disc morphology.
One tissue which allows the ready identification of mutations with region-
specific effects is the tarsal region of the Drosophila leg. This region of the leg
is divided into five segments which exhibit a variety of segment-specific
bristle patterns (Tokunaga and Stern, 1965). Some mutants that have
segment-specific effects act by affecting segmental identity. For example, the
bric a brac (bab) gene (Godt et al., 1993) encodes a putative transcription factor
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that is specifically expressed and required in tarsal segments two through four
(T2-T4). In bab mutants, these segments undergo a homeotic transformation
towards a T1 fate. In contrast, mutations in genes with roles in growth
control would not be expected to show such changes in segment-specific
identities.
Analysis of the four-jointed (fj) gene demonstrates that it is required
for region-specific growth control in the leg. fj mutants specifically affect the
length of T1-3, but not T4 or T5 (Waddington, 1943; Tokunaga and Gerhart,
1976). Examination of tarsal bristle patterns in fi mutants does not indicate
that the growth defect is a secondary consequence of an alteration in segment
identities. Molecular analysis of fi reveals that it encodes a putative secreted
protein that is specifically expressed in the first tarsal segment in the third
instar disc (Villano and Katz, 1995; Brodsky and Steller, 1996). Thus, the fj
gene product is a good candidate for a region-specific growth signal during leg
development. To further examine how f acts during leg development, we
have tested the effects of misexpression of fj. We find that localized
misexpression produces leg phenotypes that are strikingly similar to leg
phenotypes seen in disc overgrowth mutants suggesting that fj misexpression
results in additional disc growth. This observation suggests that mutations in
a disc overgrowth gene might be able to compensate for the absence of fj
function. We show that weak alleles of expanded, a gene known to be
involved in disc growth, can partially suppress the leg phenotype of fj.
Curiously, we also find that high levels of ubiquitous fj expression produces
phenotypes that mimic fj loss-of-function phenotypes in all tissues examined.
Our analysis indicates that the localized expression of fj is required to regulate
growth along the proximal-distal axis of the leg. We propose that fj
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represents a molecular link between patterned gene expression and growth
control. The role of f during development is discussed in the context of a
sequential subdivision model of leg development.
Materials and Methods
Drosophila stocks not previously described (Brodsky and Steller, 1996) were
obtained from A. Laughon (ex697 ), N. Perrimon (Gal4 lines), F. Laski (bab-
lacZ) and the Bloomington stock center (exl). All flies were raised at 250C
unless otherwise noted.
The analysis of leg morphology and fg-galactosidase staining of discs
was performed as previously described (Brodsky and Steller, 1996).
To misexpress four-jointed (fj), a three kilobase EcoRI, HindIII
restriction fragment was cut from the pfj-2 cDNA clone. This fragment
contains all of the fi open reading frame and the majority of the untranslated
regions. This fragment was cloned into the EcoRI and HindIII sites of phs-
CaSpeR and pUAST (Brand and Perrimon, 1993). Two independent
transformants of the heat shock construct were recovered. One transformant
of the UAS-fj construct was recovered. A stable source of transposase
(Robertson et al., 1988) was used to generate additional insertions. Each
phenotype described in the test was obtained using at least two different UAS-
fj inserts. Animals that misexpress fj were generated by crossing the UAS-fj
lines to lines that express the Gal4 transcription factor in specific patterns.
The Gal4 lines used here have been previously described (Staehling-Hampton
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et al., 1994; Wilder and Perrimon, 1995).
Heat shock treatments were carried out for one hour at 370C. The
following heat shock regimens were performed: once during larval or pupal
life, once a day from second instar until adulthood, twice a day from second
instar until adulthood, and three times during the climbing third instar stage.
No adult leg phenotypes were observed using either the heat shock-fj
construct or a heat shock-Gal4 line with the UAS-fj construct.
Results
fj phenotype and expression in the tarsal region of the leg
fi mutants have phenotypes in the adult derivatives of a number of imaginal
discs, including the leg, eye, wing, antenna and scutellum (Waddington, 1943;
Tokunaga and Gerhart, 1976; Tokunaga et al., 1982; Villano and Katz, 1995;
Brodsky and Steller, 1996) We have chosen to focus our analysis on the tarsal
region of the leg because the bristle patterns and joints provide a high density
of morphological markers and because of the restricted expression of fj in this
tissue. The tarsal segment phenotypes of fj are shown for the male foreleg
(prothoracic) and hindleg (metathoracic) in Figure 1. In a wild type leg, T5 is
the most distal segment and can be distinguished by the most distal structure
on the leg, the claws. In the male foreleg, T1 has long transverse rows of
bristles that runs along the circumference of the leg and, at the distal part of
the segment, thick bristles that make up the sex comb (Figure 1A). In the
hindleg, T1 has long transverse rows while T2 has short transverse rows
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(Figure 1E). The other tarsal segments do not have any transverse rows. The
distal tip of each leg has two claws. In animals with f mutations, the lengths
of T1, T2 and T3 are reduced and the joint between T2 and T3 is missing
(Figure 1B and 1F). In the hindleg, the fused T2/T3 has some short transverse
rows in its proximal half. This observation supports the assertion that this
single segment is a fusion of T2 and T3. In the foreleg, the sex comb and
transverse rows are only found in the T1 (as in wild type).
In Figure 2, expression of f from late third instar through disc eversion
is visualized using afj enhancer trap line. fi is expressed in two concentric
circles, one at the border of the femur and the tibia and the other in T1. After
disc eversion, the five tarsal segments can be clearly seen. This series
illustrates the relationship between the circular expression in the larval disc
and the resulting adult structure. Examination of a fj mutant after disc
eversion reveals that the reduction in the number of tarsal segments can be
seen at this time (Waddington, 1943; data not shown), suggesting that f acts
prior to the completion of disc eversion, probably at the end of the third
instar. This conclusion is supported by temperature shift experiments (data
not shown) using the dominant, temperature sensitive phenotypes described
below.
Localized misexpression of fj
To examine whether the restricted expression of fj is required for proper leg
development, we have examined the consequences of fj misexpression. In
our initial experiments, a heat shock construct was used to transiently express
fj throughout the disc. Using a variety of different heat shock regimens (see
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Materials and Methods), no leg phenotypes were observed. To test if an
extended period of localized misexpression off] would alter leg development,
afj cDNA was placed downstream of a Gal4 responsive promoter (UAS) to
use with the Gal4 expression system (Brand and Perrimon, 1993).
Misexpression of the UAS-transgene is induced by crossing animals with this
construct to animals that express the Gal4 transcription factor in a specific
spatial pattern in the leg. Figure 3 shows the pattern of 9-galactosidase
activity in discs containing a UAS-lacZ construct and one of three Gal4 lines,
40C-Gal4, 30A-Gal4 and T80-Gal4. (We will refer to the presence of both the
Gal4 line and the UAS-line as a single construct; for example, 40C-fl.) As
reported by others (Johnson et al., 1995; Wilder and Perrimon, 1995), we find
that the phenotypes, and presumably expression levels of the transgene, are
modulated by temperature, with greater expression at higher temperatures.
40C-Gal4 is a construct with a dpp derived promoter driving Gal4
expression along the anterior-posterior compartment boundary (Staehling-
Hampton et al., 1994). In the leg, 40C-Gal4 activates the UAS promoter in a
thick line that bisects the two circles offj expression (Figure 3B). At 180 C, 40C-
fi causes a very mild perturbation of the T4/T5 joint (Figure 4B). However, at
290 C, 40C-f. causes changes in leg morphology which occur in all six legs, but
are most striking in the hindleg. Nearly all hindlegs show a loss of one or
more tarsal joints and an increase in the circumference of the leg. An
example of a leg with a substantial increase in circumference is shown (Figure
4C). This leg also contains a cuticle bound vesicle. In addition to the
thickening of the leg and presence of vesicles and other ingrowths, another
phenotype occasionally seen (in approximately ten percent of progeny) is the
presence of outgrowths (Figure 4D). These are most often found in the distal
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half of the tarsal region and can vary in length and circumference.
Misexpression of a variety of signaling molecules in the leg can give rise to
extensive outgrowths, apparently due to the induction of a new distal tip and
organizer (Campbell and Tomilson, 1995). The outgrowths caused by 40C-fj
do not appear to be generated by the same mechanism since they never
contain the most distal structure, the tarsal claws. In general, these
phenotypes are less prominent around T1 and only extend into the tibia in
cases of massively deformed legs.
30A-Gal4 drives the UAS promoter in part of the tarsal region and in a
dorsal patch in the leg disc. In addition to some mild tarsal phenotypes, 30A-
fj also causes a polarity defect in the femur (Figure 4). A dorsal section of the
femur near the tibia joint contains a region of polarity inversion such that the
bristles, which normally point distally, now point proximally. In addition,
the polarity of the leg hairs and bract-socket vectors (Held et al., 1986) is also
reversed in this region. This phenotype occurs with complete penetrance.
The f misexpression phenotypes described above resemble those
described for several disc overgrowth mutants (Bryant et al., 1988; Jursnich et
al., 1990). Under certain conditions, some individuals with these mutations
develop to adulthood and have legs that are shorter and fatter, with
ingrowths, outgrowths and regions of polarity inversion. Compared with
40C-fj, these mutants have more extensive morphological defects in parts of
the leg outside of the tarsal regions, but show a similar array of phenotypes
within the tarsal region. This similarity provides support for the hypothesis
that fi mediates a growth signal.
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Partial suppression of fj loss-of-function mutations by expanded, a disc
overgrowth mutant
If the primary defect in f mutants is a decrease in tissue growth, it is possible
that mutations that increase tissue growth could rescue the morphological
phenotypes seen in f mutants. The resemblance of the f misexpression
phenotypes to the loss-of-function phenotypes of various disc overgrowth
mutants suggests that these genes might be able to suppress the ft mutant
phenotype. We have made double mutant combinations of a strong allele of
f. and two viable alleles of the expanded (ex) gene (Boedigheimer and
Laughon, 1993). These weak alleles of ex were identified based on an increase
in wing size and unlike stronger alleles of ex, these do not exhibit alterations
in leg morphology (Figures 1D and 1H). The legs of these double mutants
show a significant, albeit incomplete, suppression of the fj growth defect
(Figures 1C and 1G). In these animals, the joint between T2 and T3 is restored
and the length of T2 and T3 is closer to wild type. Although substantial, the
suppression is not complete since T1 is still shorter than in wild type.
Stronger alleles of ex might provide more complete suppression, but the
interpretation of these experiments might be complicated by the
abnormalities caused by these alleles alone.
High levels of uniform fj expression cause a loss-of-function phenotype
To provide ubiquitous expression of fj for an extended time period, the T80-
Gal4 line was used (see Figure 3D). At 180 C, T80-fi causes partial fusion of T2
and T3 as well as a disruption in the morphology of T4, often including the
partial formation of an ectopic joint and altered bristle polarity (Figure 5B).
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At 25 degrees, T80-f. causes a complete fusion of T2 and T3 and a modest
swelling of T4 (Figure 5C). At 290 C, no segments are swollen, T1 is shorter,
and T2 and T3 are fused into a single shorter segment (Figure 5D).
Interestingly, this phenotype precisely mimics the phenotype due to loss of fj
function (Figure 1B). T80 also directs ubiquitous expression in other discs. In
these tissues, T80-fj at 290 C also results in a reproduction of f loss-of-function
phenotypes, including shorter wings and deformed eyes (data not shown).
The most straightforward explanation of these results is that high levels of
ectopic fj expression interferes with the action of endogenous fj function. It is
interesting to note that there is relatively ubiquitous expression of f in the
wing pouch (Villano and Katz, 1995; Brodsky and Steller, 1996). In this tissue,
the apparently regional effect on tissue growth by f (Waddington, 1943;
Tokunaga et al., 1982) is not determined by localized expression. Thus, in the
wing, the loss-of-function phenotypes associated with ubiquitous expression
from the Gal4 system are probably a result of higher levels of fj expression
and not an altered pattern ofj• expression. The significance of these results is
unclear, but they may reflect a mechanism for limiting the amount fj
signaling during disc growth.
Misexpression of fj does not affect expression of a gene with restricted
expression along the proximal-distal axis
Analysis of segment-specific bristle patterns in the adult legs of animals
misexpressing fj does not provide evidence for a change in segment
identities. To further test this conclusion, we have examined whether
expression of a bab - lacZ fusion is altered by fj misexpression. In a wild type
leg, bab is specifically expressed in T2-T4, immediately adjacent to the
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expression domain of ft (Godt et al., 1993). Ubiquitous misexpression of fj
does not significantly change the pattern of bab expression (Figure 7). Thus, fj
misexpression does not alter the expression of a molecular marker for
segment-specific identity.
Discussion
fj misexpression disrupts leg development
Analysis off mutants reveals region-specific defects in a variety of adult
tissues (Waddington, 1943; Tokunaga et al, 1982). Within the tarsal region of
the leg,fj is expressed in tarsal segment one (T1) and is required for T1-3 to
reach the appropriate size (Villano and Katz, 1995; Brodsky and Steller, 1996).
Two possibilities could explain the region-specific effect on growth seen in fj
mutants. The ] gene product may diffuse across the entire disc such that all
tarsal segments are exposed to it, but only T1-3 are competent to respond to it.
Alternatively, all segments may be able to respond to the signal provided by
fi, but only T1-3 are close enough to the site of expression to receive its signal.
When fj is expressed in all tarsal segments, phenotypes are seen throughout
the tarsal region, demonstrating that all tarsal segments are able to respond to
the f" gene product if exposed at sufficient levels. As discussed below, an
appealing interpretation of the ft misexpression phenotypes is that ectopic fj
results in excess growth. However, even if this hypothesis is not entirely
correct, the misexpression results demonstrate that the position-specific
expression of fj is required for proper leg development.
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fj may directly regulate tissue growth in the leg
Misexpression studies offj also offer an opportunity to help interpret
the phenotypes associated with a decrease off expression. Infj mutants, leg
segments are shorter, but there is no obvious loss of an entire region of the
leg or an obvious transformation of one segment towards the identity of
another segment. This result is in contrast to a variety of other mutations
affecting leg development. For example, in dachshund mutants, entire
segments of the leg are absent (Mardon et al., 1994). In bric a brac mutants, T2-
4 are either missing or, if present, take on characteristics of T1 (Godt et al.,
1993). Both of these genes encode nuclear proteins whose expression pattern
in the leg overlaps with the region of the leg affected in loss-of-function
mutations. The effect of these genes on leg size is most easily explained as a
secondary consequence of an effect on the specification of region-specific
identities in the leg. Because f mutants reduce leg length without removing
entire segments or obviously altering their identity, fj has been referred to as a
"growth" gene (Waddington, 1943; Tokunaga and Gerhart, 1976). For this
discussion, it must be emphasized that "growth" refers to an effect on the size
of a tissue, but does not directly imply an effect on cell division rates.
Although changes in cell proliferation are often assumed to be the cause of
changes in tissue size, other mechanisms, such as changes in cell death, can
also affect tissue growth.
One complication when interpreting the phenotypes of fj mutants is
the possibility that other partially redundant genes may obscure the primary
role of fj during leg development. Misexpression of fj provides a
complementary experimental approach to examine how fj acts during leg
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development. Given the loss-of-function phenotype and the Tl-specific
expression pattern, several possible outcomes of fj misexpression might have
been expected. If the primary role of f is to specify segment identities, then
misexpression might result in the transformation of other tarsal segments
towards a T1 identity. If the primary role ofj• is to act as a regulator of tissue
growth, then misexpression may result in an overgrowth phenotype. Finally,
ectopic expression of f might be toxic to cells that are not normally exposed to
fj, possibly resulting in the loss of leg tissue.
We have misexpressed j in a line that bisects the circle of endogenous
ft expression; the adult phenotypes generated are most easily explained as the
result of altered disc growth. In these animals, the legs are thicker than wild
type and often contain additional tissue as outgrowths and internal vesicles.
Ectopic expression of f does not lead to any homeotic transformations of
distal tarsal segments toward proximal ones and does not alter the region-
specific expression of the bab-lacZ reporter gene. Combined with the loss-of-
function phenotype, these observations suggest that fj does not act to
determine segment-specific identities in the leg. In addition, the phenotypes
generated do not appear to be the result of an overall loss of tissue due to toxic
effects of jt misexpression since the resulting legs are generally larger than
wild type legs. Rather, thefj misexpression phenotype resembles those
previously described for disc overgrowth mutants (Bryant et al., 1988; Jursnich
et al., 1990). In disc overgrowth mutants, the imaginal discs can grow to be
many times the size of wild type discs. Although much of the excess growth
occurs during an extended larval period, transplantation experiments
demonstrate that the excess growth phenotype is disc autonomous (Bryant et
al., 1988; Jursnich et al., 1990). The adult legs that are derived from the
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overgrown discs are significantly thicker than wild type legs, but do not
appear to be large enough to accommodate all of the excess tissue seen in the
discs. A possible explanation for this difference is that much of the excess
tissue is eliminated during pupal life via external and internal vesicles
(Bryant et al., 1988). This mechanism might explain the frequent occurrence
of vesicles and outgrowths in the adult legs of these mutants.
Although the fj misexpression phenotype has a striking similarity to
the loss-of-function phenotypes of disc overgrowth mutants, additional
experiments should help determine whether these phenotypes are the result
of similar effects on disc growth. Examination of discs that misexpress fj
reveals some abnormalities in the disc morphology, but does not reveal a
massive increase in disc size (unpublished observations). However, unlike
the overgrowth mutants, animals misexpressing fj do not have an extended
larval period to allow continued proliferation. In addition, the adult leg
phenotypes are largely restricted to the tarsal region of the disc, indicating that
the morphology of the disc as a whole is not likely to be dramatically altered.
In future experiments to test whether f misexpression can lead to disc
overgrowth, these discs could be placed in the abdomen of an adult which
provides a permissive environment for continued disc growth. In this
enviroment, wild type discs stop growing at the appropriate size, but discs
from the overgrowth mutants continue to grow (Bryant et al., 1988; Jursnich
et al., 1990). A second experiment which might help reveal how fj
misexpression alters disc growth would involve comparing the effects of
blocking cell death in fj misexpression discs versus wild type discs. In
fj misexpression discs, there is a substantial increase in the amount of cell
death compared to wild type (data not shown) which may partially counteract
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an overgrowth phenotype. Blocking cell death in these discs may help reveal
an underlying loss of growth control in the fj misexpression discs.
If the fj misexpression phenotype reflects an increase in tissue growth
and the fj loss-of-function phenotype reflects a decrease in tissue growth,
mutations that affect the regulation of disc growth should modify these
phenotypes. In this study, we show that thefj loss-of-function phenotype can
be suppressed by mutations in a disc overgrowth mutant, expanded (ex).
Unlike stronger alleles of ex, these ex mutations have only a moderate effect
on wing morphology and no obvious effect on adult leg morphology. These
mutations partially suppress the fj phenotype: T2 and T3 are both present and
both have the appropriate segment-specific bristle patterns. This result
suggests that fj mutations do not alter segment-specific identities. The ability
of mutations in ex to suppress fj loss-of-function phenotypes combined with
the similarity offj misexpression phenotypes to the loss-of-function
phenotypes of disc overgrowth mutants raises the intriguing possibility that fj
normally promotes disc growth by locally inactivating the function of disc
overgrowth genes. However, even if these genes do not act in a common
pathway, the interactions between them help support the hypothesis that fj
acts as a localized regulator of tissue growth. Additional analysis of the
genetic interactions between fj and the disc overgrowth genes should further
test this hypothesis and may provide more direct evidence that these genes
act in a common genetic pathway.
The apparent role of fj as a direct regulator of tissue growth can be
contrasted with signaling molecules that appear to influence tissue growth as
a consequence of their effects on patterning. For example, misexpression of
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the patterning gene decapentaplegic (dpp) results in the orderly addition of
pattern elements accompanied by alterations in tissue growth (Basler and
Struhl, 1994; Capdevilla and Guerrero, 1994; Ingham and Fietz, 1995; Zecca et
al., 1995). An important question is how this additional tissue is generated - is
it a direct response to ectopic dpp expression or does dpp act to generate cells
with a range of positional values, which then interact with each other to
regulate growth? Identifying the mechanisms for coordinate regulation of
growth and patterning is an important question for understanding the effects
of members of the TGFt, Hedgehog, Wnt and FGF families. For some
molecules, the answer may depend on the developmental context. For fj, the
adult leg phenotypes caused by loss of expression or misexpression can be
explained in terms of regional alterations in growth, but it is possible that fj
acts as a patterning signal in other contexts.
To recapitulate, three lines of evidence are consistent with fj acting as a
regulator of growth along the proximal-distal axis of the leg. First, in loss-of-
function mutants, the leg size is reduced, but not as a result of deletion or
transformation of entire segments. Second, in fj misexpression animals, the
amount of leg tissue is increased and the outgrowths and vesicles seen in
these legs resembles those associated with disc overgrowth mutants. Finally,
in double mutants, the fj loss-of-function phenotype can be suppressed by
mutations in a disc overgrowth gene. Together, these studies support the
hypothesis that fj acts to regulate tissue growth during leg development.
However, compared to studies of patterning and cell type determination
during development, much less progress has been made in understanding
the genetic basis of growth control in developing tissues. As a result, the
phenotypes associated with decreased growth and increased growth are not as
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well characterized, raising some questions as to the specificity of these
phenotypes. Future experiments examining the genetic interactions between
fi and the disc overgrowth mutants and the developmental basis of the adult
leg phenotypes caused byfj misexpression should help address these
questions and better define the role offi during leg development.
A sequential subdivision model for the role of fj during leg development
The expression and function offi in the leg are consistent with a
sequential subdivision model for pattern formation (O'Farrell, 1994). In this
model, a field of cells initially contains a morphogen gradient that acts to
establish regions of gene expression within the field. Next, new gradients are
established within each region that can act to subdivide each region into
smaller domains. This process can be repeated until individual cell fates are
specified. This model provides a reasonable description of the development
of the Drosophila embryo from a single cell to a highly patterned larva
(reviewed in Lawrence, 1992).
This model can be modified as follows to explain the coordinate
regulation of patterning and growth during the development of the
proximal-distal axis of the leg. In an immature disc, a morphogen acts to
establish a gradient of positional information along the proximal-distal axis.
At specific positions within this gradient, the expression of secondary
signaling molecules is activated. These molecules act locally to promote
growth of the disc along the proximal-distal axis and to specify a more refined
pattern of positional identities. In principle, these growth and patterning
signals could be encoded by a single gene or by multiple genes. As described
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above, fj is a candidate to be a secondary signal for tissue growth, but not
patterning. The position-specific expression of a growth regulator along the
proximal-distal axis provides a link between patterning genes (such as the
hypothetical morphogen) and growth control in imaginal discs.
Several genes have been described that are required for the
establishment of the proximal-distal axis of the leg. These genes are likely to
regulate the pattern of fj expression in the leg. The intersection of wingless
(wg) expressing cells and dpp expressing cells leads to the initiation of the
proximal-distal axis in the leg disc (Campbell et al., 1993; Diaz-Benjumea et
al., 1994; Campbell and Tomilson, 1995). wg is expressed along the anterior-
posterior compartment boundary in the ventral half of the disc while dpp is
expressed along the boundary in the dorsal half of the disc (see Campbell and
Tomilson, 1995 and Chapter 1 for a discussion of how the expression of wg
and dpp is regulated by the compartment boundary). These domains intersect
in the center of the leg disc where the distal tip of the leg will form.
Misexpression experiments that generate new sites of overlapping expression
can generate a second proximal-distal axis within the leg disc, resulting in
partial duplications of the leg (Campbell et al., 1993; Diaz-Benjumea et al.,
1994; Campbell and Tomilson, 1995). Two genes, aristaless and Distal-less
(Dll), have been described which appear to be targets of the combined action of
wg and dpp. aristaless is a homeobox gene expressed at the center of the disc
which is required for the formation of distal structures in several imaginal
disc derivatives (Campbell et al., 1993). Dll is a homeobox gene expressed in a
broad central region of the leg disc which is required for the development of
the proximal-distal axis (Diaz-Benjumea et al., 1994). In a sequential
subdivision model, the following sequence of events might explain the roles
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of these genes during leg development. wg and dpp act to localize the
expression of a morphogen at the center of the disc. The morphogen induces
the position-dependent expression pattern of Dl1 and other transcription
regulators, dividing the leg field into distinct regions. The boundaries of
these regions establish secondary signaling centers where molecules such as fj
are expressed. These secondary signals provide detailed regulation of leg
growth and patterning.
Once the position-specific expression of f is established, the
surrounding cells must be able to respond to the fj signal. Future studies
examining genes that genetically interact with fj may reveal the molecular
targets forf action. As described above, the disc overgrowth class of genes
represents one possible target of the fj signal. Mutations in these genes, also
referred to as Drosophila tumor suppressor genes, lead to a loss of growth
control and massive overgrowth of discs. These genes may normally act to
ensure that disc growth only occurs in the presence of specific signals.
Position-specific signals such as fj might determine disc size and shape by the
local inactivation of these growth inhibitory genes.
It is possible that multiple different growth promoting signals
eventually act on the disc overgrowth genes. However, some targets of the fj
signal may be specific to fj. Two candidate target genes, dachs (d) and
approximated (app), have been described that have phenotypes similar to fj
(Waddington, 1939; Waddington, 1943). Since the expression of a fj enhancer
trap line is unaffected by mutations in d or app (data not shown), these genes
are unlikely to be required for the position-specific expression of fj. They
could encode a fj receptor or other proteins required to transduce a fj
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dependent signal. However, because ubiquitous overexpression of f can
mimic the f loss-of-function phenotype (Figure 5), a mutation in a gene that
is a negative regulator of the fj signal might also give rise to af phenotype.
Analysis the genetic interactions of fj with either d or app should help
determine if they act positively or negatively during f signaling. If these
genes do act genetically downstream of f, molecular analysis of these genes
may reveal if ft acts through previously described pathways. Understanding
how fj affects the activity of these genes and the disc overgrowth genes should
provide important insights into the regulation of tissue growth in both
insects and vertebrates.
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Figure Legends
Figure 1. Leg phenotypes in animals with mutations in the four-jointed and
expanded genes. The tarsal regions of adult male forelegs (A, C, E, G,) and
hindlegs (B, D, F, H) are shown. The joint between tarsal segments 2 and 3
(arrow head) is lost in frizzled (fj) mutants, but restored in fi, expanded (ex)
double mutants. For each panel, the distal tip of the leg is at the bottom. The
genotypes for each panel are listed below. Similar results were also obtained
using the independently isolated allele ex 6 97 . All panels are shown at the
same magnification. Scale bar: 100gtm.
(A, E) Wild type.
(B, F) fjpl.
(C, G) fjpl, ex.
(D, H) ex1 .
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Figure 2. four-jointed expression during leg disc eversion. Expression of a
four-jointed enhancer trap line, P55Ci20, is shown in the mature late third
instar disc (A) and at three subsequent stages of disc eversion (B-D). The distal
circle of staining is in the first tarsal segment of the developing leg. All
panels are shown at the same magnification. Scale bar: 100pm.
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Figure 3. Leg disc expression patterns of a four-jointed enhancer trap line or
Gal4 driven UAS-lacZ lines. X-gal staining in leg imaginal discs is shown for
a four-jointed enhancer trap (A), 40C-Gal4/UAS-lacZ (B), 30A-Gal4/UAS-lacZ
(C) and T80-Gal4/UAS-lacZ. All panels are shown at the same magnification.
Scale bar: 100gm.
AC
B
n
r
149
Figure 4. Localized misexpression of four-jointed in the legs disc causes
overgrowth and polarity phenotypes. Gal4 lines were used to drive the
localized expression of (j) in the leg disc. In each panel, distal is down. Either
the tarsal region (A-D) or part of the femur (E, F) is shown. Panels A-D are
shown at the same magnification. Scale bar: 100tm. Panels E and F are
shown at the same magnification. Scale bar: 100gm.
(A) Wild type. 250 C.
(B) 40C-Gal4/UAS-fj. 180C.
(C) 40C-Gal4/UAS-fi. 29 0C.
(D) 40C-Gal4/UAS-fJ. 290C.
(E) Wild type. 250 C.
(F) 30A-Gal4/UAS-fi. 250 C.
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Figure 5. High levels of ubiquitous expression of four-jointed in the leg disc
causes a four-jointed loss-of-function phenotype. Ubiquitous expression of
four-jointed (fj) is driven by T80-Gal4 and UAS-fi. Legs are shown from
animals with increasing levels of ubiquitous fj expression (B-D). At lower
levels, a defect in T4 is seen (B) while at higher levels the leg resembles legs
from fj null mutants (D). In each panel, a male foreleg is shown with its
distal tip down. The fourth tarsal segment is marked with an asterisk (*). All
panels are shown at the same magnification. Scale bar: 100pm.
(A) Wild type. 25 0 C.
(B) T80-Gal4/+; UAS-fl/+. 180C.
(C) T80-Gal4/+; UAS-fi/+. 25 0C.
(D) T80-Gal4/+; UAS-fi/+. 290 C.
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Figure 6. Expression of bab-lacZ is unaffected by ubiquitous expression of
four-jointed. bab-lacZ is specifically expressed in T2-4 in the leg disc. To test if
four-jointed (fj) can alter segment-specific transcriptional control, the
expression of bab-lacZ was examined in animals with ubiquitous expression
offj. Both panels are shown at the same magnification. Scale bar: 1004jm.
(A) bab-lacZ/+. 25°C
(B) T80-Gal4/+; bab-lacZ/UAS-fiC. 250 C.
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